Cetonm, A Sonier s 
forarch~ foyer! 14%! 


BIOCHEMISTRY 


BUOXUMMA / BIOKHIMIYA 


TRANSLATED FROM RUSSIAN 


CONSULTANTS BUREAU, NEW YORK 





Cetonm, A Sonier s 
forarch~ foyer! 14%! 


BIOCHEMISTRY 


BUOXUMMA / BIOKHIMIYA 


TRANSLATED FROM RUSSIAN 


CONSULTANTS BUREAU, NEW YORK 








EDITORIAL BOARD OF 


oa BIOCHEMISTRY 


A. N. Belozerskii A translation of BIOKHIMIYA, a publication of the 

A. E. Braunshtein ™ ss 

V. A. Engel’gardt Academy of Sciences of the USSR 
‘Editor 

R 3: Sianie 

A. V. Palladin 

N.M. Sisaxyan 
‘Aanuatant Editor) 


G. E. Viadimirov Vol. 25, No. 5, pp. 591-762 March-April, 1961 







Russian Original Dated Sepiermber-October, 1960 















CONTENTS 





RUSS. 
PAGE PAGE 






Determination of Chlorides in Piasma and Blood by the Radiometric Methcd. A. A. Shatalova 























and G. 1. Meerov. .. ce eee ccc cece tc er ceases ecercsasssccsceres sian 591 769 
Paper Chromatography of Higher Fatty Acids with the Application of Urea. E. K. Alimova(Lubenets), 

G. Ui. Delevan, hbo MM. i ee rs 4 S454 SRR ES Cs wees ere ae 594 7173 
Changes in Phosphorus Metabolism of the Superior Cervical Sympathetic and Nodular Ganglia in 

Sameé of Theis Functional States, BE. We RMAGGe x ike kes tah as Bae e acew ee ee eee 601 781 
Action of the Antibiotic Cruzia on Succinic Dehydrogenase and Cytochrome Oxidase of Tumor 

Tiswe. A. V. Trufanov and N. A. Palkind «0... cc cee src ccc cccccccscsccccescens . 606 787 
The Protective Role of Arginine in Oxygen Poisoning. Z. $. Gershenovich and A. S. Krichevskaya... 608 790 
The Content and Composition of High and Low Polymer Fractions of Ribonucleic Acid From Rat _ 

Organs. L. S. Mil’man.......... ata o.< ca aa (eral wi onalale hn a ane aie glad ae wie me ata oe Teo 613 796 
Oscillographic Polarography of Deoxyribonucleic and Apurimic Acids. E. Paletek. cess . G19 803 






Dynamics of the Concentration and Incorporation into Protein of Lysine-1- c™ and Glycine- 1- ce 
in Tumor and Normal Cells with Varying Amounts of the Amino Acid in the Medium. 







oeoeoer eee ee eases e ee seer sees eoeae eee eseeeeeee 



















. Study of the Alpha- and Beta-Components of Procollagens. V. 1. Mazurov and V. N. Orekhovich. . 630 814 
Bound and Solub.e Deoxypolynucleotides in the Tissues of Irradiated Rabbits. T. N. Rysina and 

R. E. LiDINZON. 2. eee ee eee meee ere c rr cecccccsceseccccsscceesccccces 639 825 
Synthesis from Maltose of Oligosaccharides with @-1,6,c-1,4, and a-1,3 Linkages by Enzyme 

Preparations from Liver and Muscle. I. S. Lukomskaya .... 2... 22+ +22 eee cece eeees 643 831 
The Pasicur Effect and Coupled Oxidative Phosphorylation in Yeast Cells. A. D. Viadimirova 

and LF. Seits, 2... 1. eee eee ce cece rc cece ee reece ese cs es eceseceesceerse 650 839 
On the Role of Glutamine in Formation of Urea. _I. S. Severina.. 2.2... 2 ee eee ee eee ee eee 656 847 
Oxidative Phosphorylation in Thyrotoxicosis. S. E. Severin and Yang Fu-yu eee eecesetesnccs 661 855 
The Effect of X-Ray Irradiation on “2e Structural Viscosity of Rat Liver Deoxyribonucleic Acid in 

Ontogenesis. i. I. Ivanov, N. N. Aksenova(Khor*kova), and L. V. Suvurova .............. 668 865 
A Micromethod for the icsermainitien on of the Sulfur of Organic Compounds in Animal Tissues. 

OV. M. . sc bcp ciavarpeo habeas shee s odin a aS ne ead eee a eae 674 873 
Or the Incorporation of Ammonium Nitrogen oo the Soil into Reserve Proteins of Seeds. 

V. L. Kretovich, Z. G. Evstigneeva, and K. B. Aseeva . . . 22 oe ccc ce yc ccccccscccces 678 878 





Investigation of the Content of Nucleic Acids and Nucle Nucleoproteins in Staphylococcus Aureus 209-P, 
Sensitive and Resistant to Different ae M. A. Guberniev, N. A. Ugoleva, 







1. S. Buyanovskaya, A. N. Sheerson, N. D. Koshtoyants, and N. A. Andreeva.............. 682 884 
A Simple: Method for the Detection of ea Pytimidines and Their Derivatives. 
Viestimil Haberman ........2--2-25-- eiesceacececesveseosesaseosés eccercee 689 891 





Anoual Subscription $20.00 © 1961 Consultants Bureau Enterprises, Inc., 227 West 17th St., New York 11, N. Y. 
Note: The sale of pnotostatic copies of any portion of this copyright translation is expressly 
prohibited by the copyright cwners. 





Single Issuc 10.00 





‘ 
PS er ert Oem ect een een went ets 
i ee oe i A nt AE TT A a Te ae ee ee re ee 


‘ eee 
eennen Guitare: <li editeediadnrennnsstadiedl Clete nesiteiintninstsisitsiih, Mauiieitnidecinaiacsniebinil, Uihinadi at 


CONTENTS (continued) 


RUSS. 
PAGE PAGE 


Glutathione Reductase and Cyst.ne Reductase in Germinating and Ripening Peas. E. S. Zueva 


Reli sitonahip oat Nucleic Aeid Synthesis in Various Tumors to the Peculiarities of Their Oxidative 
Metabolism. A. K. Belousova 
On the Interaction of Myosin and Actomyeosin with Adenosinetriphosphate. M. _M. Zaalishvili 
Amino Acid Activation in the Nuclei and in the Soluble Cytoplasmic Fraction of Rat Liver Cells. 
V. A. Gvosdev 
A Study of the Nucle: oprotein Structures of Ribonucleic Acid Isolated from the Pancreas, 
M. A. Prokofev, £. G. Aztonovich, and A. A. Bogdanov 
A Spectrophotometric Study of the Reaction of Ribonucleic Acid with Formaldehyde. 
M. Ya. 
Ou Tyrosine Oxidation by Liver Slices of Adrenalectomized and Protein- Deficient Rats, 
Wang Chung- yen 
Biosynthesis of Asparagine from Labeled frecunsers, MM. ‘L Lerman and S. P. Mardashev .... 
The Effect of the Optical Isomers of Cycloseriue on the Activity of Certain Transaminases. 
R. M. Azarkh, A. E. Braunshtein, T. S. Paskhina, and Hsu T*ing-sén . 
Polypeptide Transforraations and Peptide Bond Synthesis on !on-Exchange Resins. G. V. Samsonov, 
M. V. Glikina, R. B. Ponomareva, V. S. Yurchenko, L. R. Guckin, N. P. Kuznetsova, 
L. V. Dinitrenko, and A. D Zaitseva.... 


SCIENTIFIC INFORMATION 
Scientific Information in the Field of Biological Chemistry. V. I. Lyubimov and Z. S. Tseplyaeva . . 


The National Institutes of Health of the Public Health Service ha: supported in part the cost of 


publishing BIOCHEMISTRY through the purchase of copies for distribution to American medical 
ilbraries, 





ee ee 


| 
| 
| 
| 
| 
| 


DETERMINATION OF CHLORIDES IN PLASMA AND BLOOD 


BY THE RADIOMETRIC METHOD 


A. A. Shatalova and G. I. Meerov 


Biochemistry Laboratory, V. M. Bekhterev Scientific-Research 


Psychoneurological Institute, Leningrad. 


Translated from Biokhimiya, Vol. 25, No. 5, pp. ‘169-772, 


September-October, 1960 
Original article submitted August 8, 1959 


In the present work, the possibility of utilizing pre- 
cipitation in the presence of a radioactive indicator 
(isotope precipitation method) [1] for the quantitative 
determination of chlorides in blood and plasma is ex- 
amined. The proposed method is based on the precipi- 
tation of chlorides by radioactive silver (Agt"*), 

The isotope precipitation method can be utilized 
in the case in which the precipitating reagent utilized 
is a compound containing a radicactive element. With 
this, the concentration of the stable carrier and the spe- 
cific activity (SA) of the introduced radioactive isvtope 
{1] must be known. However, the content of the sub- 
stance and the SA of radioactive preparations on the 
market are given with great errors, which cause much 
difficulty in their utilization as criteria in the determi- 
nation of substances by the method of 1sotopic precipi- 
tation. The possibility was presented of overcoming 
this difficulty by utilizing as criteria for the determina- 
tion of the quantity of the substance, not the SA of the 
precipitating reagent, but the SA of a standard solution 
of the substance to be determined, which was of a known 
concentration. 

The proposed modification of the isotopic precipi- 
taticn method can be expressed by the following scheme: 


AV + S°D = VS® + AD, 


where AV is the substance found in the solution; V the, 
element, the content of which must be determined; S* D, 
the precipitating reagent; and S® , the radioactive ele- 
ment in it (the asterisk at the letter S denotes radioac- 
tive element). 

Since the substances react in equimolar ratios, then 
the activity of the precipitate formed by the stancard 
solution and the precipitating reagent will be related to 
the activity of the precipitate formed by the solution 
with the unknown amount of the substance as per the 
following equation: 

A, = Svs° 
ate (1) 


A, Xe 


where A, is the activity of the precipitate formed by a 
standard solution of the substance V; A, * the activity of 
the precipitate formed by the unknown quantities of the 
substance V; S\.¢,the amount of precipitate formed by 
the standard solution of the substance V; Xe» the 
amount of precipitate formed by the unknown quantity 
of substance V. Starting from the equivalence of ele- 
ments V and S® in the VS*® molecule, it is possible to 
exchange the ratio in formula I for the following ratio: 
ae (a) 
A x 


x ¥ 
where S, is the content of the substance V in a standard 
solution; X,, the content of the substance V in the un- 
kaown solution; from this 
x, = fas bn ea (111) « 
A; 

In this way, if the activity of the precipitate formed 
by a standard solution and the activity of the precipitate 
formed by the solution containing the unknown quantity 
of substance are known, then it is possible to determine 
the unknown quantity of the substance in this solution. 


Determination of chlorides in blood and plasma by the 
isotopic precipitation method. 


Experimental support for the above general theore- 
tical propositions of the isotopic precipitation method 
could be obtained from the determination of chlorides 
in a solution (b!.0d, plasma). 

For the given case, there could be utilized the 
following formula: 


S Cl mgh - A (IIa) 


XCi mg = —— >" a 
5s 


where XC! mg*®, is the chloride content in the unknown 
solution (in mg); SC1 mg, tne chloride content in the 
standard solution (in mgh): A,, the activity of the 
Ag'* ci precipitate formed by the solution with the un- 
known chloride content; A,, the activity of Ag*ci 





er ee ee a a 


precipitat- formed by the standard chloride sclution. 
From formula (illa) it follows that the quantitative 
determination of chlorides in the unknown solution de- 
pends upon the determination of activities of the Ag!c} 
precipitates formed by unknown and standard souutions, 
In adjusting the radiometric method for the quantitative 
determination of blood and plasma, samples for combus- 
tion, and the combustion itself, were conducted by the 
method of Kohler [2]. 
The Course of Determination 
For the ac tivity determinations of standard prepa- 
rations, tere were added to two centrifuge tubes 2 ml 
of water, 0.2 ml of standard NaCl® solution,2 ml of 
concentrated HNO; and 5 mi of the working Ag’ NOs 
solutior. Experimental preparations were made in the 
same way as the standard ones, with the one difference 


that instead of 0.2 ml of the standard solutionT there 
were utilized 0.2 ml of blood or plasma. To the ex- 
perimental samples, there was then added in drops 3% 
KMnO, until a rose color appeared, while to the stand- 
ard sample was added the same quantity, but of water. 
The addition of KMnO, was conducted with constant 
stirring of the tube‘s contents with a thin glass rod. 

The samples prepared in this way were placed into 
a water bath for 15 min during determination of chio- 
ride in plasma, and for 30 min during determination 
in blood. After ccoling, all samples (experimental 
and control) were centcifuged for 15 min at 2500 rpm. 
The supernatant was sucked off a..d discarded, the pre- 
cipitate was ..ashed with 5 ml of 0.008M HNOs, and 
again centrifuged for 15 min at 2500 rpm. 

To the twice washed precipitates of the experi - 
mental and standard samples, there was added 10 ml 
of 4% ammonia in which the precipitate was dissolved. 


A le aR Ri ke eS See A an i i El ly ae antl 


After this, in a special (glass) cellf with the help of 

y -counter (MS-7), secured in the vertical position in 
the block BGS - 2 of radiometer B-2 there took place 
the determination of sample radioactivity. The cell 
was mounted directly on the counter [3,4]. Fluid pre- 
parations of the experimental and the standard samples 
were prepared by transferring the contents of the 
tubes** into the cell. 

The tubes were wasined twice with 5 ml of 1% 
ammonia solution, which was likewise poured into the 
cell. Then, with the same solution, the fluid in the 
cell was brought up to a determined markt Tf and the 
contents were mixed with a thin glass rod. The cell 
was capped and placed in the counter. Activity deter- 
mination was conducted for S inin, Froin the estab- 
lished sarmple activity (experimental and standard) the 


™The concentration of the standard chloride solution 
was 354 mg %. 


ft The working sclution cf Ag’ NOs was prepared on 
the day cf the e:.peritnent from 0.01 N AgNO, and a 
tolution of Ag''® NOs with SA not Jower than 50 
pC/ml, by mixing the two in a ratio that yielded SA 
of 0.1 jC/m}; 5 ml of the working solution when 
measured for activity in the below indicated set-up gave 
2300-2500 cpm. 

+ Inner diameter of the cell 30 mm. 

** In order to prevent the radioactive solution from 
spilling on the outer walls of the test tubes and of the 
cell, the edges of the walis were smeared with a thin 
layer of vaseline. 

tt The mark is piaced on the cell at the level of the 
upper border of she counter’s cathode. 


Quantitative Determination of Chlorides in Standard Solutioa, in Plasma, and Blood 
by the Radiometric Method (For the determination of chlorides in plasma and blood, 
the blood of persons suffering from various neuropsychotic disturbances was used ) 


Standard solution 


| 
thtakep + Cldeter-| 6 
ene ‘Ser oar | 
jmg 


177 170 
265 250 
7038 7u2 
708 74 
177 
06 
234 
708 
7u8 


374 
358 
44 
AS8 
384 
374 
386 
378 
347 
337 
330 


“a0 
Vie 


330 


Plasma 


i J vfu dn | 


Blood 


749 ! 
rita) | 
746 
Fay 
722 
745 
7638 
FA3 
74 
TM 
693 
O06 
G93 


354 
354 
354 
354 
354 
354 
354 
354 
354 
354 
354 
304 
354 


dashe f efawds f ote 
Seti Dew 


"a 
a.) to 


toh = 


577 
Gsi 
687 


Ww” 


Note. 1) Cl determined in mg %; '1) Cl added in mg%; III) total Cl determined; 
IV) error in relation to Cl added, in %. 





hackgroundtt was calculated. Average activity 
value was derived from determination data of two pa- 
rallel samples. 

Example of calculation. Average activity of a stand- 
ard sample containing 354 mg of Cl was equal to 1009 
cpm; the experimental sample equaled 1055 cpm. By 
knowing these values, the quantity of chlorides con- 
tained in blood and plasma could be determined by 
formula (Illa): 

354. + 1055 


XCl ing?’ = 
5” 1009 


= 370 meh. 

The checking of the accuracy of the method is 
done by determinations of chlorides in a standard solu- 
tion, or of chlorides added to plasma and blood. Data 
of these investigations are presented in the table. With 
the help of the radiometric incthod, it was possible to 
determine chlorides in a standard solution with the 
accuracy of + 475 (average 2.1%) in plasma, up tc # 8% 
(average 2.97) and in blood, up to + 8% (average Fo). 

The Agno; indicator doses (0.5 #C in & sample) 
can be decreased at least 20-fold when utilizing 4% -liq- 
uid scintillation counters, which possess hign councing 
etfectiveness with respect to y -radiation [3-5]. 

The latter characteristic permits quantitative de- 
termination of chlorides by the radiometric method in 
a general clinical laboratory, without utilization of 
any special precautionary measures. The data obtained 
with the isotope precipitation method, which was uti- 
lized for the quantitative determination of chlorides in 
blood and plasma, makes it attractive to ty to utilize 
this method for the quantitative determination of other 
important cations and anions in blcod and plasma 
(Nat, K*, Catt, PO, ~~, et al.). The determination of 
the latter, due to the high sensitivity of the method, 


a a 


[6], could tz carried out on small quantities of plasma 
or Dlood (0.1 - 0.2 ml), which would allow determina- 
tion of these indicators in the dynamics of the investi- 
gation, 


SUMMARY 


With the help of the isotope precipitation method, 
with the presented modification (utilizing Ag’), it 
becomes possible to conduct quantitative devermination 
of chlorides in Siood ana piasma; with this, there is no 
necessity to know the specific activity of the precipi- 
tating reagert. 
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PAPER CHROMATOGRAPHY OF HIGHER FATTY 
ACIDS WITH THE APPLICATION OF UREA 


E. K. Alimova (Lubenets), G. D. Bolgova, 


and O. I. Pustovoitova 


Chair of Biochemistry, State Medical Institute, Rostov-on - Don 
Translated from Biokhimiya, Vol. 25, No.5 pp. 773-780, 


September - October, 1960 
Origii.l article submitted December 12, 1959 


In an earlier paper [1] we achieved the separation 
of fat’ acids up to Cy. In the present study, experi- 
ments are set on the sepz-ation of fatty acids within the 
range of Cy to Cy, by applying various mobile and im- 
mobile solvents, which were suggested recently, in order 
to select the most effective ones. 

Since the acid compositioa in natural lipids is quite 
complex, and their ratio varies greatly, fractionation by 
means of urea was applied in order to concentrate the 
aci_s which are present in the smallest amounts, to 
separate the Cy4-Cyg acid fraction from those of lower 
molecular weight, and to separate the unsaturated from 
the saturated acids. 


METHOD 


Solvents. The chromatograms were impregnated 
with the following immobile solvents: ¥f vaseline oil 
(1); 10% vaseline oil in benzene (2); a 9} paraffin solu- 
tion in benzene (3); a 10% solution of a mixture of par- 
affin and vaseline oil (1:4) in a mixture of benzene and 
chloroform (20; 80) (4). 

The foslowing mobile solvent: were used: 93% ace- 
tic acid (sp. gr. 1.0632) (5); 98% acetic acid (6); a mix- 
ture of 89% formic acid, 98% acetic acid, and water 
(50:50:5) (7); a mixture of 85% formic acid, 99% acetic 
acid, and water (25:75:2.5) (8); a mixture of 85} for- 
mic acid, 93% acetic acid, and waiter (50:50:5) (9). 

Solvents 2,3,5, and 7 were suggested by Michalec 
[2], solvent 4 by Hajek [3], the remaining being used 
by us for the first time. 

We used Leningrad rapid filtering chromatographic 
paper, which was rinsed in 98% acetic acid by the de- 
scending method.dried in air, and made into chromato- 
grams of the shape recommended by Astavatsuturyan 
[4], as well as into disk chromatograms. For the first, 

8 kK 34 cm sheets of paper were divided lengthwise into 
four 2-cm-wide strips by a marker. At a distance of 1 
cm from the narrow end of the paper a line was drawn, 
representing the boundary of the immersion of the chro- 


matogram into the solvent (the immersion line), and 2 
cm farther from this line a second line was drawn, the 
starting line. Ata distance of 2 cm from the other 
narrow end of the paper a line was drawn, where a hole 
of 4-5 mm diameter was punched. A similar hole was 
punched also at the lower end of the chromatogram, on 
the imrnezsion line. Each strip was separated length- 
wise by a 1-mm cut (see figure). 

The chromatograms su cut were impregnated at the 
outset, by the ascending method, in a tightly closed 
vessel, with an immobile solvent. For impregnation 
purposes, several chromatograms were strung onto glass 
rods (see figure), separating every chromatogram by 
means of glass tubing. Alter the impregnation had been 
completed, the chromatograms were air dried. Fatty 
acids, dissolved in an alcohol-ether mixture (1:1), were 
placed onto the starting line of every strip, in quantities 
of 10-20 pg (0.005 ml of solution). The fatty acids, 
which did not dissolve readily in this mixture, were 
heated in a water bath. Usually, markings were placed 
on one marginal and one medial strip. After the sol- 
vent had evaporated, the chromatograms were set in 


General view of the chomato- 
gram. 1) Line of immersion; 2) 
starting line; 3) cuts; 4)glassrods; 
5) starting spot 











































TABLE 1 


The Order of Saturated and Unsaturated Acids Location or. Chromatograms 
The count is takeu from the acid which is closest to the starting point 
































° 0 a °o 3 Ss 
ee ~~ oe 
ae Risks 
Soe Sy seats o 
Formula |2 S55 Ye 233);5 
5 lp oe o=6)% | Acid Formula 3 oe 355 
& Acid 2 65 |a «ai 4 Asso aa 
Z ha | | | 
$ BI]M/B uly | Bi M|BIM 
a. ‘a 
“” in | | ae: Sa 
i 
{ | Hexatriacony C,-H-;,0, | anes B x Begenic C2 sO, | -+- | —] + | oe 
tanic |_| Selacholic | Crtl, Oz |i | +] —j— 
Octatriacon-] C3.H-,O; —|—) 9] Arachic Cz. HyoO3 | + | —- | 4+] — 
tenic 1 | Erucic CHO; | | +]—]— 
2] Tetratria~ | CyMasOz | |-]—] +} —| 10 | Stearic CigHs.0, | +1—]+]— 
contanic ' Lucosenic C otis.07 +)]+])—|— 
ia- : 4 SS Cochbacte 1-- 1 = _ 
Hexa Tia Cat | -| 4 11 | Palmitic sb]5,9, + 
3 | Dotriacon- | CeHeO; ; i | —| --| —! Oleic Cyti yO, | +] 4 — 
tanic 12 | Pewoselenic | CystlwOz | + | + - 
Tetratrig- | CyH.,0, | ~-} + }]—]— 
contenic Linoleic Cyntha de | -+ | -- f — 
4| Melissinic | CyoHeo0, | i- | — bY} 13 | Myristic Cyahha.O3 | +] —] +] — 
Dotriacon- | C53:O; | -- — | Hexade-en- | CyHys,02 | +] +]—|— 
tenic oic 
5 Montanic Cutl02 t = -L 14 Linolenic Cyalls,.0O, }- + ay 
Triacon- Coosa, ji] +) —]—j 19 Lauric Citta | + = 
tenic Tetradece- | CigHssO, | i | + | —[— 
6 | Cerotinic | Colts,0, | + | —] 4-| — noic 
Octacosen- | CosttsgO2 | - | +] -—-]— 
oic 
7 | Lignoceric CagHsOs | +} +] + 
He xa cose- | CreH 5003 + oo _ 
noic 


Note. In this and the following tables the following markings are used: 5B and M, 
developing by bismuth or KMnQ,, respectively; +, the acid produces a separate 


spot; — no spot. 


ration of the acids was conducted by the ascending 
method at temperatures of 22-25, 55, and 86°C. 

In the last two instances, the vessel was first placed 
in a thermostat to warm up before the chromatograms 
were inserted. The partition was considered as being 
complete when the edge of the solvent reached 5 mm 
below the rod. At a temperature of 22-25 and 55°C, 
the partition took from 18 to 20 hr, and at 86°C, from 
9 to 10 hr. 

For circular chromatograms, disks of 20 cm diam- 
eter were cutout, and then divided into 6 sectors. The 
solution of acids was applied to each sector 1 cm from 
the center, which was perforated to allow the insertion 
of a wick. The solvent was placed into a Petri dish, 
over which a glass triangle was placed, supporting the 
chromatogram. A wick was inserted into the hole of 
the disk, drawing the fluid. For mobile solvents, the 
wick was made from untreated paper by twisting a 
small piece of filter paper. It is possible to apply 2-3 


the mobile solvent up to the immersion line. The sepa- 





times more acids to a disk chromatogram than to 
an ordinary one. 


Developing the Fatty Acids on Chromato- 


grams 


Saturated fatty acids. To develop the spots of sa- 
turated fatty acids, the chromatograms were treated 
with a 1 % solution of basic bismuth nitrate [1]. For 
acids of the Cy - Cyg range, the developing was con- 
ducted at 80°C for 20 min with swinging. The acids 
with fewer carbon atoms were kept in the solution for 
20 min, at room temperature. Subsequently, the solu- 
tion was discarded and the chromatograms were rinsed 
several times with distilled water and flooded with 
ammonium sulfhydrate (an ammonia solution of sp gr 
0.968, saturated with H,S). Black spots of the acids 
appeared immediately on the gray background. The 
chromatograms were freed from the excess reagent by 
rinsing with distilled water, with subsequent air drying. 


Unsaturated fatty acids. These were developed by 


the same method as in the case of the saturated fatty 
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| TABLE 3 


Comparative Data on the Composition of Fatty Acids of Mustard Oil 

The mobile solvent consisted in all cases of: 98% acetic acid, #5 formic acid, and 
water (in a ratio of 75:25:2.5). The immobile solvents were :1, a 9% solution of 
paraffin; I, a 10% solution of vaseline oil; 11, 5 g paraffin and 5 zn paraffin 
oilin 100 ml of a chloroform-benzene mixture (20:80) 
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The spots of fatty acids converged 
The spots of fatty acids converged 


The spots of the acids converged 
The spois of the acids converged 


Linoleic (C.) ; . 
Linolenic (Cy, ) i}; 1 - 


Note, The two dots indicate unsaturation, the sign-indicates a small amount of acid; 
the sign V indicates trace of acid, For other signs see Table 1, 


acids, by means of a solution of bisrnuth nitrate at room oleic acid; 3) stearic, palmite, oleic, myristic, and lau- 
temperatte, followed by a 12 min treatment with a 1% ric; 4)stearic, palmitic, o.eic, linoleic, linolenic, myris- 
solution of KMnQ,, with swinging. Brownish-yellow tic, and lauric. 

spots of fatty acids appeared of the chromatograms, Data relating to the study of Standards 1, 2, and 3, 


The minimum dosage of fatty acids required for identi- 2. The best results in the partition o1 fattv acids of the 
Cy2-Cy, range, saturated, as well as unsaturated, were 


fication amounted to 20 pg. 
Where a mixture of saturated and unsaturated fatty obtained where mixtures 2 and 4 were used for paper im- 

acid: is present, one should realize that the szturated pregnation, mixture & served as solvent, and the separa- 

fatty acids coincide with the unsaturated ones having a tion was conducted at 22-25°C. 

two carbon atoms longer carbon chain (Table 1). In . Partiti a . 

such a case one should oxidize the issuing mixtur> of Mustard Oil Fatty Acids 

acids by one of the known methods [5-7], followed by 

chromatography. If, after oxidation, the spots of acids 

are developed by bismuth and are not developed by man- 

ganese while they were developed by both reagents prior 

to oxidation, they represent a mixture of saturated and 


unsaturated acids, Where the spots represent oniy un- 55°C. 
The high-molecular unsaturated fatty acids of the 


Cy - Cz range are best separated on paper impregnated 
with a mixture of paraffin and vaseline oil, where mix- 
ture & at room temperature and at 55° C serves as mo- 
bile solvent (see Table 3). Under these conditions, it 
was possible to identify in mustard oil 14 high-molecu- 
lar fatty acids (the Cyg- and Cyg- unsaturated acids, tet- 
racosenic, erucic, eicosenic, oleic, linoleic, linolenic, 


in order to isolate the fatty acids of mustard oil, it 
was saponified by the usual method, ac‘dified with 45% 
acetic acid, and extracted with ether. The partition of 
fatty acids was canducted at room ten:perature and at 


saturated acids, they will not be developed after ozida- 
tion, by either bismuth or manganese treatment. In pa= 
rallel with the oxidation of thie test sample, it is neces- 
sary to oxidize, by the same method, a mixture of stand- 
ard acids (oleic, linoleic, and linolenic) as a check of 
the completeness of oxidation. The fatty acids of bees- 
wax were selected as material for high-molecular satu- 
rated fatty acids, and the fatty acids of mustard oil as : 
high-molecular unsaturated fatty acids. Besides, the fol- _ cerotinic, lignoceric, begenic, arachic, stearic, and 

lowing solutions of standard fatty acids were investigated: palmitic acids), while the other methods yielded only 

1) stearic, palmitic, oleic, linoleic, and linolenic; 2) 8-9 acids. Since the Cyg-, Cyg-, and Cyy- unsaturated fatty 


| 
7 after they were tioroughly washcd with distilled water. using various solvents, are generally represented in Tabl< 





TABLE 4 


Comparative Data 0» the Composition of Fatty Acids from Beeswax 


Fat 
acids 


Ges 

Ch: 
Cre 
Cs 
Ci: 


acids were found to be present only in very small 
amounts, fractionation by means of urca was undertaken 
in order to concentrate these and to separate the higher 
unsaturated fatty acids. For this purpose, 8.7 g fatty 
acids from mustard oil was dissolved in 75 ml of hot 
ibsolute methanol, and to this solution 7 g of urca was 
added. The solution was allowed to stand for one day 
at room vemperature. A crystaliine precipitate settled 
out, a complex of fatty acids and ur~a (Complex 1). 
After the solution had teen removed, the sediment was 
washed with methanol, followed by heating with water 
acidified with HC1(50 ml H,O + 1 ml of 1 N HCl), 
the result being the breakup of the complex. The fatty 
acids were extracted by ether, and the extract washed 
with water to eliminate the surplus HCl. After the ether 
was removed, the residue represented Fraction I of fatty 
acids. To the filtrate from Fraction I, an additional 6 g 
of urea was added. Two days iater a precipitate came 
down (Complex 1), which was separated by filtration, 
and then washed with methanol. The fatty acids 
separated therefrom by a similar method were labeled 
Fraction 1. 

Still another precipitate came down fromthe filtrate, 
Complex II, from which fatty acids, Fraction ill, were 
isolated. An additional 20 g of urea and 50 ml metha- 
nol were added to the filtrate. Tneze resulted a precipi- 
tate (Complex IV), from which the fatty acids, Fraction 
IV, were isolated. After the removal of the complex, 
the filtrate was evaporated to 3/4. Upon cocling, a 
Frecipitate settled (Complex V). The fatty acids derived 
therefrom were designated as Fraction V. 
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After the methanol had been removed frem the fil- 
trate and the complex broken up, there took place the 
isolation of fatty acids, Fraction V1, from the filtrate. 
The obtained fractions of fatty acids (1, 11, II, IV, V, 
and VI) were analyzed by paper chromatography. The 
resulcs of the analysis showed that fractionation by meaas 
of urea permitted the concentration in Fraction I of the 
Coy -. Cog-, and Czg- unsaturated fatty acids, the identi- 
fication of which was difficult on account of their low 
concentration in the issuing mixture. Linoleic acid was 
concenuated in Fraction V, and linolenic acid in Fraction 
VI; in Fraction If were concentated the unsaturated 
acids of the Cyg to Cy range, and in Fract‘on IV, the 
unsaturated acids of Cyg to Czy. 


oe ee | téentificatt { the 


Higher Fatty Acids of Wax 
Ill The isolation of esterified and of free fatty acids 


from wax. In boiling ethanol (250 ml), 54.6 g wax 


was dissolved. The undissolved portion was separated 
from the alcoholic sclution. After the latter was 
cooled, a precipitate came down, which was filtered 
off, washed three times with ethanoi, and again heated 
with ethanol. Here there took place a separation of 
an insoluble fraction, and from ihe alcoholic solution, 
upon cocling, another precipitate came down, which 
was dissolved in 1 N alcoholic solution of KOH (with 
gentle heating). Subsequently, there was added to 
the solution 150 ml benzene, and it was heated to boil- 
ing on a water bath (the solution cleared up complete- 
ly). Upon mixing this solution with an equal amount 























— 
























+ eee 


ec al las a a nt nal te ll Oy a iat lit 


7 


ted in a separatory funnel, The aqueous phase con- 
tained, in suspension, undissolved substances (Fraction 
B), which were separated out, dissolved in hot water, 
filtered, and acidified with 145% acetic acid, thus sepa- 
rating the fatty acids (Fraction By). 

Further fatty acids (Fraction A) were isolated from 
the residual filtrate left after the separation of Frac- 
tion B. Undissolved substances were separated out from 
the benzene layer by filtration, dissolved in hot water, 
and acidified. The freed fatty acids were also labeled 
as Fraction By. The substances isolated from the ben- 
zene solution were labeled as Fraction C. 

A 10 g portion of the wax, which remained insol- 
uble in hot alcohol, was saponified with 25 ml of 
1 N alcoholic solution of KOH for a period of 20 min, 
in the presence of 50 ml benzene. Then 50 ml water 
was added, and the boiling continued for another 10 
min. The aqueous solution of the soap was poured off, 
and the benzene solution was once more boiled with 
water. The aqueous soap solutions were then com=- 
bined, and acidified with 40% acetic acid. The fatty 
acids, which separated ovt, were washed with water, 
vacuum dried, dissolved in ether, and filtered. The 
residue, after the ether had been evaporated, was 
labeled Fraction E. 

As a result of the above described procedure, there 
were obtained from wax a series of fractions of free 
fatty acids (A, By, C, D), as well as the fatty ccids 
isolated from their esters (E), The analysis of fatty 
acids was conductec by the method of partition chro- 
matography on paper, under the following conditions: 
1) the immobile sclvent No. « ard the mobile solvent 
No. & were used; 2) the impregnation of paper and the 
partition of acids were conducted by the ascending 
method, at 55 and 86°C; 3) the developing of the 
saturated acids from Cyy to Cz, was performed by 
means of bismuth nitrate at room termperature, and 
from Cz to Cys, at 80°C; 4) the unsaturated acids 
were developed by a potassium permanganate solution, 
at room temperature. 

Under these conditions, it was possible to identify 
in Fraction A such acids as the tetratriacontanic, do- 
triacontanic, melissic, montinic, cerotinic, lignoceric, 
begenic, arcchic, stearic, palmitic, myristic, lauric, 
and dodecenic. The Cyg, Cy, Cop, Cog, and Cog acids 
were present in small quantities, and their differen- 
tiation was not very sharp. Their concentration by 
means of urea was therefore undertaken. For this pur- 
pose, 200 mg urea was added to 0.2548 g of Fraction 
A, dissolved in 5 ml of hot methanol. After cooling, 
there settled out a precipitate (Complex A,). It was 
separated by filtration, and washed with methanol. 
The methanol rinse and the filtrate, which remained 
aiter the removal of the Complex, were joined, and 
the solvent evaporated. The residue was labeled as 


of water, there appeared two layers, which were separa- 
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Complex Az. Frorr Complex Ay, acids were isolated 
by means of heating witn 15 ml of water, and ex- 
traction with ether. 

After the ether had been removed, there re- 
mained the entirely colorless acids Ay. The urea 
Complex Az was broken up in a similar way, and the 
acids separated therefrom were labeled as Fraction 
Az. The data on the analysis of all wax fractions are 
represented in Table 4. 

As can be seen from these data, it is possible to 
identify in saponified nonfractionzted wax only the 
acids Cog, Cog, Cop, Cog, Cog, Cyg-unsaturated, and 
Cy, Cy. Cyg-unsaturated; in Fraction A, the acids 
from Cy to Cyg- unsaturated; in Fraction A, the 
acids Cyg,C32, Coos Cone Cogs Cogs Core Cyze Cyg~ un 
saturated, Cye; in Fraction By, Cyg, Cag, Cop, Cog Cage 
Cog. Cog, Coz. Cogs in Fraction D, Cyg, Cyg, Cope Coe, 
Crp» Cops Cog» Core Cog. Cag; in Fraction E, Cyg, Cy, 
Cyooe Cae Cope Cope Core Sroe Cage Cag, Cyg-unsaturated. 
It was possible to concenwate, by means of fraction- 
ation with urea, higher molecular acids. 

By application of the method described here, it 
was possible to identify as a wax component 15 nigh- 
molecular fatty acids (yg, Cyg, Coz. Cogs Cope Coss 
Cage Coa Cope Cog, Cygunsaturated, Cyg, Cyg, Coz, Cyp- 
unsaturated) while according to the data of other au- 
thors, it was possible to identify only six (see Table 
4). 

Ali of the results re‘ating to the separation of 
complex mixtures of fatty acids, with the use of var- 
ious rnobile and immobile solvents, are summarized 
in Table 2. 


SUMMARY 


It is preferred that in an immobile solvent where one 
has to separate the saturated from the unsaturated high- 
molecular acids of the Cyg.39 to Cy, series, a mixture 
of paraffin and vaseline oil be used. 

The u,.saturated fatty acids with a carbon atom 
number below 20 are preferably separated on paper 
impregnated with a 10% solution of vaseline oil in ben- 
zene, while for the partition of saturated fatty acids up 
to Cy, it is possidle to use both immobile solvents. It 
is advisable to use a mixture of 98% acetic acid, 8¥p% 
formic acid, and water (75:25:2.5}, as mobile solvent 
for the partition of all of the designated acids. 

It is preferred that the separazion of unsaturated 
acids be conducted at room temperature (22 - 25°C), 
the separation of saturated acids of Cyp to Cog at 55°C, 
and of the fatty acids from Cy to Cyg at 86°C. The 
saturated fatty acids with a carbon atom number less 
than 20 are preferably partitioned at room temperature. 

It was possible to identify in wax, by means of our 
modified mobile solvent, 15 high-molecular fatty acids, 
among them a Cg. acid, described for the first time. 


599 





Le he lt ee - = 
-_ ~ - a a TS ls at AC la kT a i OE cl a 


In ipustard oil, there were identified 14 luigher fat- . A.NJereshchagin, Biokhimiya 23, 721 (1958).° 
ty acids, ov: of which the unsaturated Cg, Cy, anc Co J.'. Kamer andN.A, Pikaar, Biochern. J. 61, 180 
wee not descriped veior. (1955). 

- P.£, Ballance and W. M.Crombie, Biochem. J. 69, 
LITERATURE CITEL 632 (1958). 

E. K. Alimova and G. D. Bolgova, Biokhimiya 22, A. A. Zinov'ev, Fat Chemistry [in Russian] Pische- 

56 (1957).° promizdat (Moscow, 1952). 

C. Michalec, Biochim, et biophys, acta 28,212(1958), |. Va. Dem yanov and N. O. Pryanishnikov, Fass 

V. Mejck and. Fiker, Ceskost. hyg. 2, 366 (1957). and Waxes [in Russiank Pishchepromizdat, Moscow, 

A. P. Astvatsaturyan, Sb. trud. Rostovsk. Med. Inst., 192A). 

Otdel izd. Rostovsk. Uprav. Kult. (Rostov-na-Donu) 

Vol. 10, 189 (1959), 


* Original Russian pagination, See C. B. translation. 





CHANGES IN PHOSPHORUS METABOLISM OF THE SUPERIOR 
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The results of a study of phosphorus compound me- 
tabolism in the superior cervical sympathetic ganglion 
in a state of relative rest were presented in a previous 
paper [1]. The problem of the present work is the in- 
vestigation of the metabolism of these compounds in 
stimulation of the ganglion and under the influence of 
one of the gangtiolytics, pachycarpine. In connection 
with the fact that ganglion-blocking substances are 
used in the clinic for treating a number of diseases, an 
explanation of their effect on the metabolis™m of the 
ganglion is of both theoretical and practical interest. 


METHODS 


We studied inorganic phosphorus (Pinorg), phospho- 
creatine, labile phosphorus of ATP (P),}, of ATP) phos- 
phslipids, phosphorus-containing components of the li- 
poproteins (P of lipoproteins), nucleic acids, and also 
the phosphorus residue of the acid soluble fraction and 
the phosphorus of the protein residues obtained after 
separation from them of the nucleic acids by the 
Schneider method [2]. We determined their content, 
and with the radioactive isotope of phosphorus, the 
amount of rcnewal of these substances. 

Before analysis we established conditions for the 
perfusion of the ganglia with blood which contained 
radioactive phosphate. The operation for isolation of 
the biood supply system to the superior sympathetic cer 
vical ganglion in cats was carried outunder urethane anes- 
thesia [3]. The injection of the solution containing P™ 
(100 pC) into the common carotid artery and the 
removal and freezing of the ganglion in liquid oxygen 
were carried out in the same way as ir. he previous 
work [1]. We took, in addition to the sympathetic 
ganglion, also a parasympathetic one, the nodular gang- 
lion (ganglion nodosum), located near the superior cer- 
vical sympathetic ganglion and having a common blood 
supply with it [4]. 

Stimulation of the preganglionic sympathetic trunk 
was carried out with an induction coil with a silver 


electrode. The state of excitation of the ganglia was 
estimated by the contraction of the nictating mem=- 
brane of the eye. Pachycarpine was injected into the 
common carotid artery in the amount of 2-3 mg, in 
the solution with the P™. The block appeared after 
about half a minute from the start of the injection and 
could be estimated by the weakening of the nictating 
membrane which contracts as a result of stimulation 
of the preganglionic unk. The preganglionic trunk 
of the blocked ganglion was thus not stimulated. As is 
known, pachycarpine, like other gangliolytics which 
block nerve transtnission in the sympathetic ganglia, 
also block it in parasympathetic ganglia. The dose of 
pachycarpine required to block transmission in these 
ganglia is about the same [5]. On this basis, we cor- 
rectly expected that the parasympathetic ganglion 
which we studied along with the sympathetic ganglion 
in the experiments on injection of pachycarpine would 
also be blocked. 

Before using the ganglia for analyses, they were 
freed as much as possible from blood with a high P™ 
content. not by bleeding as was done previously, but 
by removing the ligature from the external carotid 
artery. Phosphorus in the compounds which we studied 
was determined by the microcolorimetric method of 
Martin and Doty [6] in our modification [1,7], using 
a calibration curve for amounts of phosphorus from 
0.1 to 0.5 yg; in the case of phospholipids, nucleic 
acids, and other substances, after burning the sample. 
For the determination of the radioactivity of the sam= 
ples we used an end counter. 

The resulting data were submitted to statistical 
treatment by the method of Student-Fisher [8]. 


RESULTS 
As had been shown, Pj,4 of ATP is fully renewed 
even after 7-10 min [1]. Hence a study of its rate of 
renewal could be made only in experiments lasting a 
few minutes. In our experiments from the injection 
of the P™ into the common carotid artery to the mo- 
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ment of cutting out the ganglia took 3.5 min. In each 
experiment we determined the specific activity (SA) 
of the blood Pinorg which contaminated the ganglion 
tissucs. For this we used the blood covering the cap- 
sule, from which the ganglion was freed in the frozen 
state. The SA of bloud Pinorg WS usually only 2-3 
times higher than the SA of ganglion Pinorge and the 
amount of contaminating blood was sinall, 2-3% in all 
{1}. Hence we can consider that the ratio of SA of 
Pap Of ATPand P of phosphocreatine to SA of gang- 
lion Pinogg [that ts, the relative specific activity 
(RSA) of ATP and phosphocreatine] should actually 
reflect the amount of the renewal of these compounds. 

Table 1 shows that the amount of renewal of 
Piahb of ATP and P of phosphocreatine fis about the 
same. Also, both stimulation and the action of 
pachycarpine cause increased rate of renewal of 
Piap Of ATP and phesphocreatine in both ganglia. 
However, the amount of this increase differs in differ- 
ent cases. The greatest increase, statistically signifi- 
cant as compared to the norm, is the increase in rate 
of renewal of P),}, of ATP in the sympathetic ganglion- 
in stimuiation(P <0,02) and with injection of pachy- 
carpine (P < 0.01). The Pinorg content in the parasym- 
pathetic ganglion is lower than in the sympathetic (P< 
< 0.02). It is increased over the norm under the in- 
fluence of pachycarpine (P < 0.05). In all other cases 
the content of Pinorg Plab of ATP and phosphocrea- 
tine is not changed. 

In Tables 2 and 3 we give the averages of the 
results from a study of the phosphorus compounds with 
slower metabolism in experiments which lasted 30 min. 
The RSA in these cases is exr: :ssed by the ratio of SA 
of the phosphorus compounds .o the SA of P;,) of ATP. 


TABLE 1 


This ratio best characterizes the amount of renewal 
of the studied compounds, since the Py} of ATP for 

them is the source of the phosphorus. The value for 

SA of P),,, of ATP and phosphocreatine in each case 
is equal to the SA of Pinorg. Evidently after 30 min 
Pjab Of ATP and P of phosphocreatine can have been 
renewcd repeatedly. 

There has been a demonstration of some differ- 
ences between the parasympathetic and sympathetic 
ganglia with respect to the metabolism of phosphorus 
compounds, This concerns first of all phospholipid 
metabotism. The content of these in the parasympa- 
thetic ganglia is about 207 higher (P < 0.05), and the 
rate of renewal twice as low (P <0.01). Also, the 
rate of renewal of the phosphorus porticn of the acid 
soluble fraction in the parasympathetic ganglia is 
about 307) below that in the sympathetic (P+ 9.05). 
The content and rate of renewal of other phosphorus 
compounds in the ganglia are the same or the differ- 
ence is so sinall that it is statistically insignificant. 

It is clear from the results that stimulation leads 
to increased rate of renewal only of one fraction, lipo- 
protein P (P < 0.05). Here the content of this fraction 
decreases (P< 0.05) and the content of Pinorg increases 
(P<0.05). The metabolism of the remaining fractions 
does not change on stimulation. 

Under the action of pachycarpine there is a less- 
ening in intensity of renewal of the phcsphorus portion 
of the acid soluble fraction in tiie sympathetic ganglia 
(P<0.05). As compared to stimulation (but not to the 
normal), here the decreased rate of renewal of the 
phosphorus of the protein portion is also statistically 
significant (P < 0.05). The change ir. rate of renewal 
of phosphorus compounds in the parasympathetic gang- 


Effect of Stimulation and Injection of Pachycarpine on the Metabolism of Labile 


Phosphorus Compounds in Ganglia 


Length of experiments, 3.5 min, RSA is ratio of SA of pl.osphorus compounds to 


SA of inorganic phosphorus 


Gang- Pinorg 


lion 


mg % 


Sym- | Normal 

pathe4 Stimulated 

tic Injection of 
pachycarpine 

Para- | Normal 

sym- ane 

pathe Injection of 

tic pachycarpine 


Pjab ATP 


mg & 


Phosphocreatine P 


Treat} mes | as 


13.84-1.1012.92.9.7 M4.742.5¢13.44-0.27 (7)136.144.77 (7) 
15.34 4. 40]13.340.93/83.64 18. 712.44 0.67 (4)] 11.54 18.0 (4) 


12.84-4.45]15.74-4.7:|62.845.8213.140.61 (4)153.149.33 (4) 
9.640.67]14 04-1 .52136.047.38]2.440.44 (5134.24 4.47 (5) 


14.844 .87]13.94-1.32)47.64.5.25]/2.3 4.0.45 (4)|39.046.71 (4) 


Note: Figures in parenthescs in this and later tables are numbers of experiments 


in the given case. 
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Effect of Stimulation and Injection of Pachycarpine on Content of Phos 

Action 

Normal 

Stimulation 

Pachycarpine 
injection 

Normal 

Pachycarpine 


Length of experiment, 30 min 


TABLE 2, 
Ganglion 
Sympathe- 
tic 
Parasym- 
pathence 









lia under the irfluence uf pachycarpine does not 
appear. The phosphorus content of all fractions after 
injection of pachycarpine in the sympathetic and para- 
sympathetic ganglia does not change. 

In addition to the ev periments shown in Tables 
2 and 3 we carried out afiother set in which we deter- 
mined the effect of ten Minute stimnuJations on the con- 
tent of phosphorus comprinds in the sympathetic gang- 
lion. In this case no chatige in the content of phospho- 
rus compounds was observed. Hence, the increased 
content of Pinorg and der rease in content of lipopro- 
tein P observed after thifty minute stimulation had not 
yet appeared after ten minute stimulation. 


DISCUSSION 


The sympathetic ad parasympathetic ganglia 
differ from each other fwnctionally and morphological- 
ly (9). Therefore it is interesting that the content and 
intensity of renewal of most of the phosphorus com- 
pounds in them is the sae. Only two substances show 
differences in metabolis#i; phospholipids and the resi- 
due of the acid soluble fraction. The lower rate of 
renewal of the P of these compounds characterizes the 
parasympathetic ganglia; but the content of phospho- 
lipids in these is higher, 

The pachycarpine used in our work is one of the 
substances which block nerve transmission without pre- 
Liminary stimulation of te ganglion. It is thought 
that pachycarpine inhibits acetylcholine to cause de- 
polarization in the synapses of the ganglion [4,5]. 
Contraction of the nictating memorane with stimula- 
tion of the sympathetic trunk and its weakening when 
gangliolytic agents are isjected into the blood serve 
as good physiological ind:cators of the functional state 
of the ganglia. Powever, if in stimulation the ob- 
served change is closely connected with the process of 
eacitation, when the pharmacological substance 
is injected some of the changes may be secondary and 
not connected with the blocking process. This must be 
remembered in considering the data. 

With stimulation of the sympathetic gauglia, 
there is an increased imensity of renewal of P}gp ATP 
(and evidently also, of pliosphocreatine P). After 30 
min stimulation there is 4 small increase in Pj... 
content. However, in this case its source is evidently 
the splitting of lipoproteins (whose content of P de- 
creases) and not the splitting of ATP and phosphocrea- 
tine, whose content does not change. The fact that 
Smimova [10] after one and a half hour stimulation 
found no change in Pinorg content is apparently ex- 
plained thus: She did mut determine the concen- 
tration, but the total amount of P;,,. in the separate 
ganglia which, as a rule, differ considerably in weight. 
The increased amount of renewal of P)-), of ATP at 
a constant level of its content indicates that stimula- 
tion, besides hastening the splitting, also hastens the 
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TABLE 3 


Effect of Stimulation and Pachycarpine Injection on Amount of Renewal of Phosphorus 


Compounds in Ganglia 


Length of experiments, 30 min Ratio of SA of phosphorus compounds to SA of Plab 


ATP given in % 


No, Acid 

| Action of soluble 
' e xpts| residue 

{ i 


Ganglon 


Sympathetic ;Normal 9 


Stimula- 
;tion 13 123.0024: 
.Pachycar- i 
‘pine injec- 


ition 4 


| 
oo 5. t ‘. = 
17.434. E 
Parasympath- ‘|Normal 16.53 4.1 181 


eu achycar- 
ee injec- 
tion | ” 


10 


16.8 


synthesis of ATP (and in the same degree). This 
agrees with the results on the incrcase in abso. ption 
of oxygen and giucose and the excretion cf lactic acid 
in the ganglia under stimulation (11). 

Only one fraction, the lipoprotein P, besides the 
ATP and phosphocreatine, shows an increase in rate of 
renewal with stimulation. Evidently the metabolism 
of this phosphorus fraction, to which attention has re- 
cently been « alled because of a number of indications 
of its functional importance [12-14], is closely connect- 
ed with the proccss of stimulation in the ganglion. 

After injection of pachycarpine the content of 
Pinorg 2nd Pyap of ATP is not changed in the sympathe- 
tic ganglion. Vysotskaya [15] obtained a small change 
in the content of these compornds with pachycarpine 
action. However, we do not know whether this change 
was statistically significant. With pachycarpine injec- 
tion there is an increased rate of renewal of P),, of 
ATP. At the sume time, in the period of block of the 
ganglion, stimulation of the preganglionic trunk does 
not occur, and further useful energy of ATP cannot be 
used in the synthesis of acetylcholine or sympathin 
which are formed in the synapses of the ganglia under 
stimulation. Therefore this fact probably indicates that 
blocking of transmission by pachycarpine is an active 
Process which occurs with consumption of energy. How- 
ever, the possibility is not excluded that the increase in 
renewal of Py,4 of ATP is not directly connected with 
the blocking of transmission, but is the result of a se- 
condary effect of the injected substance. 

tn the sympathetic ganglia under the influence of 
pachycarpine thcre is a decreased rate of renewal of 
the P of the acid soluble residue (AMP, phosphoric es- 
ters, and other compounds) and the P if the protein por- 
tion, including especially the P of phcsphoproteins. In 


604 


Nucleic acids 
acids 
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&,. 740.80 
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j24.742.16 
2).84-2.6 


1.140.06 (4) 
1.4640.09 (7) 
AN 4 O14 1% 


ALBAG W.042.97).604 0.12 (4) 


the parasympathetic ganglia iu. a number of cases, only 
the content of Pinorg increases. Hence our data indicate 
a difference in the actior. of pachycarpine on phosphorus 
metabolism in these ganglia. 


SUMMARY 

A study of the metabolism of phosphorus fractions 
(inorganic P.,phosphocreatine, ATP, acid soluble residue, 
nucleic acids, protein portion, phosphorus containing 
components of the lipoproteins, phospholipids) in gang- 
lia shows that compared to the sympathetic ganglia, in 
normal parasympathetic ganglia the renewal of phos 
phorus fa the acid soluble portion and the phospholipids 
is lower, but the content of phospholipid P is higher. 

With stimulation of the sympathetic ganglia there 
is an increased rate of renewal of the labile ATP phos- 
phorus and the phosphorus of lipoproteins, and with long 
stimulation the content of P of lipoproteins decreases 
and the inorganic P is increased. 

Under the influence of pachycarpine in the sympa-~ 
thetic ganglia, along wiih a rise in rate of renewal of 
labilc P of ATP, there is a decreased rate of renewal of 
the P of the acid soluble and protein portions, and jn the 
parasympathetic ganglia no change occurs in the meta- 
bolism of phosphorus compounds. 
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The localization of trypanosomes in the organs of 
animals infected with Schizotrypanum cruzi (Chagas* 
Jisease) caused Roskin and Ekzemplyarskaye [1] io 
assume that trypanosomes could have such organotropic 
activity with respect to tumor tissue. Actually, when 
Eltulich's adenocarcinoma was transplanted into mice 
at the same time they were inoculated with cruzi, it 
was found that trypanosomes were localized in the tu- 
mors, while the tumors decreased in size or completely 
disappeared. A later investigation by Klyueva and 
Bobritskaya [2] showed that infection of mice with 
crizi led to quick destruction of Crocker’s sarcoma 
tumor tissue. Schizotrypanic infection not only des- 
troyed the tumor, but prevented its occurrence. In addi- 
tion, it was shown that cell-free preparations from 
cruzi in the form of lysates (cruzin) also were active in 
the treatment of Crocker’s sarcoma in mice [3]. Kuzin 
[4] studied the action of a cruzin preparaticn in the form 
of a lysate of cruzi in experiments in vitro on the res- 
piration ofslices of Crocker’s mouse sarcoma and Brown- 
Pearce tumor. It was shown that in small concentra- 
tions cruzin stimulated respiration of tumer tissue and 
in large concentrations supressed it. At the same time 
this preparation did rot affect the respiration of muscle 
and liver slices of healthy mice. 

Two respiratory enzymes chosen from those on 
which cruzin could act were studied: succinic ¢ehydro- 
genase and cytochrome oxidase. The work of a number 
of authors [5-8] has shown that the activity of succi- 
nic dehydrogenase anc cytochrome oxidase decreases 
in malignant tumors and in tissues becoming malignant, 
Weinhouse describes the cytochrome system in tumors 
as a “bottle neck® in the transfer of electrons. Thus, 
obviously, the cytochrome system is the first to be des- 
troyed in the malignant process, and this is the system, 
apparently, on which cruzin must act. 

The object of the present experiment was to under- 
take the study of the mechanism of action of cruzin and 
to find a method of specifically testing for it. 
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METHOD 


The investigations were carried out manometri- 
cally in a Warburg apparatus, Homogenates of Crocker 
sarcoma and muscle tissue of healthy mice were used 
as experimental material. The preparation of the homo- 
genate and the determination of succinic dehydrogenase 
and cytochrome oxidase activity were carried out 
according to the method described by Schneider and 
Potter [9]. Cruzin, obtained by water extraction from 
ruptured cells of cruzi, was given in doses of cancero- 
lytic units (CU) (1 CU was equal to 1 million trypano- 
sume bodies). The acitivity of succime dehydrogenase 
and cytochrome oxidase and the effect of cruzin on 
them were determined simultaneously in a single experi- 
ment. The activity of the enzymes in the homogenate 
without the addition of cruzin served as a control. 


RESULTS 

The action of a series of different cruzi prepara- 
tions in different concentrations on the activity of succi- 
nic dehydrogenase ard cytochrome oxidase of tumor 
homogenate are presented in Table 1, 

Cruzin in all cases inhibited the activity of succi 
nic dehydrogenase and stimulated the activity of cy- 
tochrome oxidase; the effect was directly proportional 
to the concentration of cruzin used. A homogenate of 
femoral muscle was used to determine the influence of 
cruzin on the above enzyme systems in muscle tissue 
of healthy mice, The results of these experiments are 
presented in Table 2, 

In accordance with the data given in the literature 
[5-8], the activity of both succinic dehydrogenase and 
cytochrome oxidase in muscle tissue was higher than in 
tumors (Table 2). Cruzin showed an inhibitory action 
on the activity of succinic dehydrogenase of muscle 
homogenate, but it was less marked than that of turaor 
homogenate, and did not have a stimulatory action on 
cytochrome oxidase of the same muscle homogenate. 
From this it follows that the stimulatory action of cru- 





TABLE 1 


The Influence of Cruzin on the Activity of Succinic Dehydrogenase and 
Cytochrome Oxidase in Homogenates of Crocker’s Mouse Sarcoma (Activity 
of the enzymes is expressedin pliters O, /hr/mg dry tissue) 
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TABLE 2 


—-- 
Dose, in sr dehydrogenase | Cytochrome oxidase 
. 


contol | €xpt. control | expt. 


6,44 
23006 
7,46 
6.23 
4.78 
1.45 
3.00 
2,0 
3,56 
4AM 
D8 
0,44 
O85 
0,42 
4,00) 


Influence of Cruzin on the Activity of Succinic Dehydrogenase and Cyto- 
chrome Oxidase in Homogenates of Healthy Mouse Muscle (Activity of 
enzymes expressed in pwliters O,/hr/mg dry tissue) 


No. of Dose, 
preparation Cc 


181 
—_ 150s 


| 

1500 

| 

14 100 


24,82 
42,91 
38,42 


207 100.) 37,40 


zin on the cytochrome cxidase activity of tumors is 
specific and in some degree normalized. 


SUMMARY 

An aqueous extract from ruptured cells of cruzi in- 
hibited the activity of succinic dehydrogenase and sti- 
mulated the activity of cytochrome oxidase of homo- 
genates of Crocker's nouse sarcoma, This activity on 
both enzyme systems is directly proportional to the con- 
centration of cruzin. 

The cruzin preparation inhibited the activity of 
succinic dehydrogenase and did not affect the activity 
of cytochrome oxidase of the homogenate of femoralmus- 
cles of healthy mice, The inhibition of succinic dehydro- 
genase activity was somewhat less than the inhibition of 
this enzyme activity in the homogenate of tumors. 

Thanks are expressed to Dr. G. 1. Katz for cultiva- 
tion of the trypanosomes for the preparation of the cru- 
zin compounds, 
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Certain diseases, accompanied by a disturbance in 
the function of the central nervous system, are charac- 
terized by an increase in the ammonia contents in the 
brain and blood. 

Budanova [1] discovered a considerable increase 
in the ammonia content in the brain and blood in the 
course of experimental epilepsy. Nelson and Seligson 
(2) found an increased ammonia content in the blood 
and its absorption by brain during experimental shock, 
Bessman [3] slowed that in liver cirrhosis associated 
with coma,there is a marked increase in blood ammo- 
nia, Here, the brain is absorbing the ammonia from the 
blood, and the severity of the comatose state increases 
in accordance with the concentration of ammonia in 
the blood and brain. Convulsions produced by means 
of picrotoxin administration, by elecuic shock, by 
anoxia, and by other factors, are also accompanied by 
an increase of ammonia in the blood and brain [4]. 

The suggestion was made that the direct cause of 
convulsions and of other disturbances of the nervous sys- 
tem is due to the toxic effect of ammonia ions. It was 
shown that preliminary administration of arginine pre- 
vents the death of animals having received lethal doses 
of ammonia salts [5-8]; omithin is less effective, while 
the best results are obtained by arginine-glutamate. 

It is assumed that protection from the toxic effect of 
ammonia is being achieved by means of activation of 
urea formation in the liver and of glutamine in the 
brain. 

Sporn and associates [9] introduced into the systems 
of rats uniformly tagged arginine, and isolated tagged 
urea from brain tissue. The authors consider this as a 
proof of potential synthesis of urea in the brain, without 
discussing the mechanism of its formation. The usual 
path of synthesis in the Krebs-Henseleit synthesis is 
evidently excluded, since active arginase is absent in 
the brain. 

The amount of free ammonia in the brain depends 
on a number of factors: the intensity of its liberation 
and binding by various donors and acceptors, the level 
of its concentration in the inflowing and outflowing 


608 


blood, and the rate of urea synthesis in the liver. In 
the process of urea synthesis in mammals, the ammonia 
is bound irreversibly. There exist here, however, also 
reversible processes of ammonia binding (in particular, 
the formation of amides), which permit a repeated uti- 
lization of ammonia in the nervous tissue. Under nor- 
mal conditions, the amount of ammonia in the brain 
and blood does not exceed physiological values, due to 
the interaction of these processes. 

The peculiarity of ammonia formation in the brain 
consists of the fact that its liberation is linked with the 
functioning of the nervous tissue. We have shown that 
during the process of various functional conditions of 
the brain, an increase is observed in ammonia content, 
wi.ich is evidently caused by the liberation of function- 
al groups of various compounds (proteins, amides, ami-~ 
no sugars), which were being physiologically blocked 
by ammonia. 

While the ammonia of the brain does not represent 
a direct cause of convulsions up to a certain concentra- 
tion level [10], one can not deny its general toxic 
effect. An increase in the rate of its binding in the to- 
tal organism can result in a lower ammonia content in 
the brain. Therefore, the enrichment of the orgaaism 
with arginine, which stimulates the synthesis of urea, 
causes a loweritg of the ammonia concenwation in 
the liver, the blood, and possibly also in the brain. 

In order to prove the existence of a relationship 
between the ammonia contents of the brain and the 
condition of the animals in oxygen poisoning, we ad- 
ministered arginine prior to subjecting them to high- 
er oxygen pressure. 

EXPERIMENTAL 

The experiments were conducted on white rats of 
150-200 ¢ body weight, which were divided into two 
groups. The rats of the first group received arginine in 
saline intraperitoneally (25, 60 and 120 mg per 100 
g of body weight). The rats of the second group served 
as controls. The animals of both groups were subjected 
to the effect of oxygen of 4, 5 and 6 atm pressure. The 
pressure was produced in a special pressure chamber, the 























’ 
a a ie a fit i A A CET TTT 




















i al el he a ee 














TABLE 1 


mg/ 100 g; IV, 120 mg/ 100 g 


Onset of convulsions, min. 











con- + “ on- ? 
trols eee trols | Experimental 
Group I Group Il 
a No convulsiong 45 14 
3u JU 13 36 
37 45 10 20 
og Noconvulsions) 46 25 
42 6u 8 17 
21 34 ii 3f 
4l mH 5 17 
35 42 14 No convulsions 
48 64 19 > > 
20 45 18 > ’ 


The Effect of Argisine on the Time of Convulsion Onset in Rats in Oxygen Intoxication 
Arginine was administered as follows: first group, 25 mg/ 100 g; If and II, 60 









Onset of convulsions, min. 


“con- con- 








trols | Experimental | trols | Experimental 
Group Ill Group IV 
23 40 40 55 
14 36 26 69 
25 45 42 3 
25 w 32 36 
17 48 22 78 
20 7R 29 |Noconvulsions 
18 No convulsions 34 > > 
19 2 > 28 » > 
29 » > 40 > > 
32 48 36 > > 





Note. The animals of Group I were subjected to 4 atm oxygen pressure, of Group II, 


6 atm, and of Groups Ifi and IV, 5 atm. 


front wall of which was made of plexiglas, which per- 
mitted constant observation of the condition of the am- 
mal. The exhaled carbon dioxide was absorbed by al- 
kali. The compression lasted 3 min. In the first series, 
the experiment proceeded up to the onset of convulsions 
in the experimental animals which had received argi- 
nine In the second series, the experiment was termi- 
nated when the conuols went into first convulsions. The 
decompression lasted 3 min. The experimental ani- 
mals, as well as the controls, were then removed from 
the chamber and immediately iinmersed in liquid air. 
The brain and liver were thoroughly giound in liquid 
air, followed by extraction with a 10% solution of 
trichloroacetic acid. Ammonia was determined in the 
supernatent fluid by Seligson’s method [11]. 


RESULTS 

The Protect: ve Rcle of Arginine in Oxygen Poisoning 

The experiments were conducted on 100 white 
rats. The rats of the I and II groups received arginine 
15 min prior to their being placed into the pressure 
chamber, while those of groups III and IV had a 60 min 
interval. The results are represented in Table 1. 
The toxicity develops faster, the higher the oxygen 
pressure. At 4 atm, the convulsions in rats start, on the 
average, within 35 min, at 5 atm, after 28 min; and at 
6 atm, after 13 min. Thus it seems tha* at a higher oxygen 
pressure there is required for protection a higher concen- 
tration of arginine. Thus,when 60 mg of arginine is 
being administered, and the oxygen effect is taking 
place at 5 atm, the onset of convulsions is being de- 
layed in the average by 28 min, and at 6 atm by 11 
min. The administration of 120 mg arginine at 5 atm 
oxygen pressure delays the onset of convulsions on the 
average by 36 min. Some of the animals acquired a 
special resistance to oxygen after arginine administra- 








tion; there were no convulsions even under conditions 
where control animals died in the chamber. Of particu- 
lar effectiveness proved to be 120 mg dose of arginine, 
where half of the experimental animals remained free 

of convulsions. The beneficial effect of arginine was, 
however, observed not in all instances: in 10 out of the 
50 experiments, the convulsions started in the experi- 
mental rats either simultaneously or a few minutes earli- 
erthan inthe contuols. This effct was not related to 
the concenwation of arginine. 

Some of the control animals died in the pressure 
chamber, and others a short time after decompression, 
while all of the experimental animals, including those 
subject to convulsion in the chamber, survived, and did 
not show any changes while being under observation for 
a period of several weeks. The reported data demon- 
strate clearly the protective effect of arginine in oxygen 
poisoning. 


The Ammonia in the Brain and Liver of Rats Under 
Increased Oxygen Pressure Following Arginine Adminis- 
tration. 

The experiments were conducted on 25 experimen- 
tal and 25 control rats. In the experiments with oxygen 
under 4 atm pressure, the animals were given parenter- 
ally 60 mg of arginine 15 min prior to being placed 
in the pressure chamber. In the experiments under 5 atm 
oxygen pressure, the animals received 120 mg of arginine 
60 min preceding their placement into the pressure cham- 
ber. The experiment was terminated when convulsions 
started in a control rat (no convulsions were being ob- 
served among the experimental animals). The results of 
these experiments are presented in Table 2. 

It can be seen from Table 2 that there is an increase 
of ammonia contents, up to 4.90 mg*, in the brains of 
animals subjected to oxygen under 4 atm pressure. 








TABLE 2 
Ammonia in Rat Brains in Oxygen Poisoning N-NHy in mg/ 100 gm raw weight of tissue 


Ammonia contents 


Time of con- 


vulsion onset convulsion 


Ammonia contents eee al 
control experi- control experi- 


onset in con- 


inconuols/min mental 
Under 4 atm pressure 
| 480 
5,00 
545 
5,20 
3, a0 
4% 
5.00 
3,20 
4, 
5,10 


According to our earlier data [10], the normal ammonia 
level in the brain amounts to 0.32 mg %; this is in agree- 
ment with the data of other authors [4, 12]. A prelimi- 
rary administration of arginine delays the onset of con- 
vulsions, but the NHg-N in the brain remains there at the 
same level as in the control animals (the decrease 
averages 14.979. Large doses of argiaine under 5 atm 
oxygen pressure exhibits a more pronounced effect (the 
lowering of NH3-N, as compared with the conuols, 
amecunts to 22.3%). 


DISCUSSION 

Following tie administration to animals of arginine, 
under conditions of higher oxygen pressure, we we:e able 
to cbserve a marked delay in the onset of the convulsion 
period, while the amount of ammonia in the brain showed 
an insignificant decrease (an average of 14.9-22,3%). 
This confirms the previously advanced assumption that 
the brain ammonia in itself is not the direct and the only 
cause of the onset of convulsions. Under conditions of 
3 and 4 atm oxygen during the preconvulsion period, we 
were able to observe, an hour or longer previous to the 
onset of convulsion, an increase in brain ammonia up to 
10 mgy and higher. It was presumed that the main effect 
of free ammonia action in the brain consists in the sup- 
pression of tissue respiration, as a result of a - ketoglu- 
taric acid binding. It is known that an excess of ammonia 
shifts the reaction, which is catalized by glutamicodchy- 
drogenase, in the direction of glutamic acid formation. 
om - Ketoglutaric acid is being formed in small and con- 
stant quantities in the Krebs cycle, and its binding by 
ammonia results in a disruption of the entire cycle of ti- 
carbonic acids. The decrease which sets in may thus be 
the direct cause of the onset of convulsions. A confirma- 
tion of such a mechanism in oxygen pcisoning is to be 
found in our earlier observation [13] of a significant drop 
in brain tissue respiration in oxygen intoxication, asso- 
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__ feos? min 


mental 


Under 5 atm pressure 


13 3,97 
20 2 tu 
27 3,70 
32 3.52 3.0% 
AQ 4,60 3.60 
37 AD 3.25 
oo 4,20 3.40 
1% 3,20 2,95 
pd | 2,66 2,0 
22 2,85 2.e0 
17 | 2,18 
42 y 2,04 
419 4,00 3,40 
36 4,45 3.40 
25 3,80 2,00 


2,95 
2,09 
2,69 


ciated with a simultaneous increase in the amount of glu- 
tamic acid. A similar point of view relating to the me- 
chanism of comatose condition development in patients 
with liver cirrhosis was advanced by Bessman [14]. Such 
patients show a marked increase in blood ammonia. A 
certain amount of ammonia is being detained by the brain, 
as evidenced from measurements of the difference in its 
contents in the arterial and venous blood. The author 

is advancing the theory that the cerebral disturbances 
which accompany some liver diseases are due to inhibi- 
tion of cerebral oxidative processes by ammonia. 

We have not measured the arterial-venous difference 
in our experiments, but we presume that the ammonia, 
which accumulates in the brain in oxygen poisoning, is 
partly formed directly in the brain tissue, and partly 
brought by the blood. This is confirmed by the fact that in 
brain slices which were subjected for one hour to oxygen 
at 6 atm pressure there is a marked increase in arnmonia 
content, as compared with slices exposed ¢o air. Tue in- 
crease per hour averages 70. 


The amount of ammonia in the muscles and heart 
of animals subjected to oxygen of 4 and 6 atm is mark- 
edly increased, as it is in slices and homogenates of 
‘iver. This indicates that the deep disturbances in nitro- 
gen metabolism of experimental animals is not cou- 
fined to the brain, but is also found in other organs. 
However, the severest symptom of oxygen poisoning is 
the phenomeron of convulsions of central origin. 

One of the causes of the protective action of - zi- 
nine in excessive ammonia formation or extrane ous 
ammonia introduction consists in the stimulation of 
urea formation. This assumption is supported by the 
data on the effect of preceding administration of 
arginine (120 mg/ 100 g body weight) upon the ammo- 
nia contents in the liver of animals subjected to oxygen 
of 5 atm pressure (Table 3). 





TABLE 3, The Ammonia in the Liver 

of Rats Subsequent to Exposure to Oxy- 
gen of 5 atm Pressure. 120 mg arginine 
were administered 60 minutes prior to 
placing into the pressure chamber N-NHg 
in mg/100 g raw tissue weight 


onset incontro} ani-| ————~ 
ma!s,min. controls | expts, 


1.51 
1.45 


1.6% 
1,67 
1,80 
1,26 


1,61 


Time nycontr an Ammonia contents 


13 
my 
17 
1% 
«2 
18 
21 


tetoretrscrtctcts 
. . . . . . . 


One may assume that the 3#% decrease in ammo- 
nia content in the livers of experimental animals is due 
to increased urea synthesis. This should be associated 
with a lowering of ammonia in the blood and of the 
ammonia intake by the brain. This may be the reason 
for our finding a somewhat lowered ammonia con- 
tent in the brain of rats to which arginine was adminis- 
tered previous to exposure to increased oxygen pressure 
(Table 2). However, it is possible to postulate also 
another mechanism for the protective action of argi- 
nine. 

In recent years, a special role of y - amino- 
butyric acid in brain function has been demonstrated. 

It was considered as an inhibitory neurohormone. It 

was shown that it was capable of protecting animals 
from strychnine convulsions, and of inhibiting cardiac 
contractions in Astacus Trowbridgii (15) . It constitutes 
in the brain from 7 to 16% of the total aitrogea of the 
free amino acids. Glutamic acid, ornithin, and y- 
guanidinebutyric acid may be the direct precursors of 

y ~* aminobutyric acid. It is established that there 
takes place in the brain an active decarboxylation of 
glutamic acid, the intensity of which exceeds many 


times its occurrence in othertissues. It has been estab- 
lished that the following amounts of CO, (in y liters in 
80 min)are being liberated by 500 mg fresh tissue homo- 
genates upon the addition of 0.1 M glutamic acid in 
the presence of 500 » g of pyridoxalphosphate; in the 
brain, 420; in the muscles, 8; in the liver, 25; in the 
kidneys, 20. It was shown that this process is accom- 
panied by the formation of y-aminobutyric acid [16, 
17, 18}. The glutamicodecarboxylase is strictly specific 
in respect to glutamic acid; D-glutamic acid, and a 
number of other amino acids, as well as @-ketoglutaric 
acid inhibit the action of this ferment. 

y ~Guanidinebutyric acid is evidently being 
formed as a result of oxidative deamination and subse- 
quent decarboxylation of arginine. Such a process has 
been shown t~ take place in a number of invertebrates 
{19}. Subsequently, y ~ guanidinebutyric acid is 
being converted into y ~ aminovutyric acid via 
the splitting off of urea or of ammonia and carbon diox- 


ide. 
One may assume that the process of conversion of 


y ~guanidinebutyric acid to y -aminobutyric acid is 
reversible, It is possible that y -aminobutyric acid acts 
as an acceptor of ammonia and carbon dioxide, and that 
it plays in the brain a role in the process of ammoniz 
fixation similar to the one of ornithin in the liver, Thus, 
y -aminobutyric acid may, with y -ketoglutaric and 
glutamic acids, be one of the most important ammonia 
acceptors in the brain, It is possible that the rate of 
turnover of this system is more rapid than of the other 
ammonia binding systems, which is the reason far the 
inhibiting role of y -aminobutyric acid, 

It was shown by us earlier [20] that in certain 
types of excitation (oxygen convulsions) there takes 
place a marked increase in the rumber of amide groups 
bound to water-soluble brain proteins. y - Amino- 
butyric acid, which is derived from arginine according 
to the alrecdy outlined scheme, may be the link which 
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intercepts ammonia, and thus a role in relieving or 
diminishing excitation. 


SUMMARY 

The toxicity of higher oxygen pressure is being 
lowered by preceding administration of arginine. 

No direct relationship could be found between the 
ammonia contents of the brain and the time of convul- 
sion onset. The administration of arginine to experi- 
mental animals lowers the ammonia contents of the 
liver by 3%. 

The petential mechanism of the protective action 
of arginine is being discussed. 

T. Kh. Shartanova, a student, participated in this 
study. 


LITERATURE CITED 
A.M. Budano’a, Izvest.Akad. Nauk USSR, Ser. 
Biol. 6, 80 (1955). 
R. M. Nelson and D. Seligson, Surgery 34, No. 1(1953). 
S. P. Bessman and A. N. Bessman, J. Clin. Invest. 
32, 622 (1955). 
D. Richter and R. Dawson, J. Biol. Chem. 176, 1199 
(1942). 
J. Ruisseau, J. Greenstein, M. Winitz, and S. Birn- 
baum, Arch. Biochem. and Biophys. 68, 161, 
(1957). 
J. Greenstein, J Ruisseau, M. Winitz, and S. Birn- 


baum, Atch. Biochem. and Biophys. 71, 458 (1957). 
P. Gullino, S. Birnbaum, M. Winitz, and J. Green- 
stein, Arch. Biochem. and Biophys. 16, 430 (1958). 


R, 


J. Fazckas, N. Ticktin, and J. Shea, Am. J. Med. 
Soc. 234, 462 (1957). 

M. Sporn, W. Dingman, A. Defaleo, and R. Davies, 
Nature 183, 1520, (1959). 


. Z.S, Gershenovich and A. A. Krichevskaya, Dok- 


lady Akad. Nauk USSR (new series) 95, #37(1954). 
D. Seligson and H, Seligson, J, Lab, Clin. Med 38, 
324 (1951). 

E, A. Viadimirova, Collection: Biochemistry of the 
Nervous System [in Russian] (Izd. AN UkrSSR, Kiev, 
1954) p. 47. 

Z. S. Gershenovich and A, A, Krichevskaya, 
Biokhimiya 17, 685 (3952), 

S. Bessman, A Symposium cn Inorganic Nitrogen 
Metabolism (Baltimore, 1956), 

P, Boulanger and R, Osteux, Biochim. et biophys. 
acta 21, 552( 1956), 

E, Roberts and S, Frankel, J. Biol, Chem, 187, 55 
(1959), 

W. Wingo and J, Awapara, J. Biol, Chem, 187, 267 
(1950), 

S. Udenfriend, J. Biol, Chem, 187, 65 (1950), 

G. Robin and Thoai van Nguyen, Compt, rend. Soc. 
Biol, 151, 2095 (1957), 

Z. S. Gershenovich, A. A. Krichevskaya, and Z, G, 
Bronovitskaya, Collection: Biochemistry of the 
Nervous System [in Russian} (Iz, AN UkrSSR, Kiev, 
1957) p. 311. 





THE CONTENT AND COMPOSITION OF HIGH AND LOW 
POLYMER FRACTIONS OF RIBONUCLEIC ACID FROM 
RAT ORGANS 


L. S. Mil'man 


A. N. Severtsov Institute of Animal Morphology, Academy of Sciences 


of the USSR, Moscow 


Translated fr >in Biokhimiya, Vol. 25, No. 5, pp. 796-802, 


September-October, 1960 
Original article submitted November 29, 1959 


Ribonucleic acid (RNA) extracted from animal 
tissues by the phenol method [1] contains both high and 
low polymer components. The high polyiner compo- 
nent of RNA is easily precipitated by addition to the 
deprotenized RNA solution of NaCl to a concentration 
of 1.0-1.5 M. 

Colter, Davies, and Brown [2,3] first separated the 
high polymer RNA from the cytoplasm of animal tissue, 
Ehrlich ascitic carcinoma cells and characterized it by 
physicochemical methods. The amount of high poly- 
mer RNA according to their results was about 2/3 of 
the total amount of RNA extuactea by 0.14 M NaCl 
from the cytoplasm of the ascitic carcinoma. The high 
polymer RNA was separated by an analogous method 
and in about the same amount with relation to the low 
polymer RNA from yeast [4], intestinal bacteria [5], 
and rat liver [6,7]. The high polymer RNA is polydis- 
persed and usually contains some components with 
different sedimentation constants [3,5,7]. 

According to the data of Colter and co-workers 
and of Miura (3,4), the high polymer and low polymer 
components of RNA differ in nucleotide composition. 
On the other hand, it is not clear whether the high poly- 
mer compcnents of RNA precipitated at different NaCl 
concentrations differ in their composition. Miura [4] 
did not find a difference between the nucleotide com- 
position of the RNA components of yeast precipitated 
by 1 M or 2 M NaCl-Fractionation of native RNA with 
solutions of neutral salts of different concentrations did 
not cause secondary destruction of RNA in the process 
of fractionation, and thus has considerably greater in- 
terest than attempts to fractionate RNA by ion ex— 
change celluloses(Ecteola [8]). The high polymer RNA 
components from rat liver apparently differ in structufe 
to a considerable extent from the low polymer com- 
ponents. The high polymer RNA in particular cannot 
act in isolated systems as an acceptor of activated ami- 
no acids [9]. 

Recently considerable attention has been devoted 
in a number of laboratories to a study of the structure 
of the high polymer RNA of tobacco mosaic virus (TMV). 


It has been shown that in solutions of RNA from TMV 
with a molecular weight of 1-10° there occur labile 
hydrogen bonds between the separate polynucleotide 
chains. Some part of the RNA molecule is a spiral and 
about half of the nucleotide residue of RNA is found 

in the spiral portion [10]. The formation of hydrogen 
bonds between pairs of nucleotides is nonspecific; uncer 
some mild actions the hydrogen bonds are reversibly 
broken and native RNA with its biological activity is 
restored without loss. When the RNA of TMV is treat- 
ed with 6 M urea and reprecipitated with ethanol, it 
completely retains its infectiousness [11]. Some au- 
thors ascribe a considerable role in the formation of a 
secondary structure for RNA in solution to ions of diva- 
lent and heavy metals [12,13]. Fraenkel-Conrat and 
co-workers [13] found that preparations of high poly- 
mer RNA from TMV differed in physicochemical pro- 
perties depending on the method of preparation. Thus, 
in comparison with samples of RNA obtaiaed by the 
phenol method, RNA separated from TMV particles by 
detergents contained much less trace metal (Fe), and 
its (Phg.” was about 20% higher. Treatment of the 
“phenol* RNA preparation with 1-10? M EDTA raised 
the X(P)osg to the value of the extinction of RNA pre- 
parations obtained with detergents. The removal of 
t:aces of Fe and the increase in (P)x5_ can also result 
from prolonged dialysis and repeated reprecipitations 
with ethanol. The addition to the solution of RNA 
from TMV, which contains minimum trace metal, of 
divalent cations to a concentration of 1*20™ M lowers 
(Pog to the value which is characteristic for the 
*phenol® preparation of RNA. 

In the present work we have studied the quantita- 
tive ratio of high and low polymer components in the 
total RNA preparation Grom liver, spleen and kidney 
of rats)and their nucleotide composition. We have 


*Z(P)esy is the extinction of RNA calculated perl g . 
atom of P, 





also made an attempt to fractionate the total RNA pre- 
paraiion by precipitation of different high molecular 
weight components of RNA with NaCl solutions of dif- 
ferent concentrations and to establish the optical pro- 
perties of the high and low polymer RNA components 
of rat liver in solution. 


METHODS 

Rats weighing 200-300 g were starved for a day 
and killed by decapitation. The isolated livers were 
homogenized in 0.14 M NaCl in a rapid homogenizer 
(of the Waring blendor type) at high rotation (about 
5-6 thousand) for 30 seconds at 0°. The resulting ho- 
mogenate, 1:5, was slowly mixed with an equal volume 
of 907% aqueous phenol (pH 4.7-5.2) and agitated in a 
shaking apparatus for 45 min. This operation, like all 
the later ones, was carried out in a cold room at a 
temperature of 4-&*. The water phase which contained 
the RNA was separated by centrifuging (20 min at 
2500 x g), mixed with 907% phenol, and again shaken 
15-20 min in the shaking apparat. Repeated centri- 
fuging permitted separation of a completely clear 
water phase, a solution of RNA which contained only a 
trace of protein and glycogen in the form of a faint 
cloud. Special experiments showed that in the pre- 
sence of glycogen (that is, in the nonstaived rat) the 
ratio of low polymer to high polymer RNA components 
was noi changed. The resulting RNA solution was 
washed three times with twice the volume of ether and 
was precipitated with a double volume of 80% alcohol. 
The RNA precipitate was dissolved in water in such a 
way that the concentration of RNA was 3-5 mg/ml. 

To remove mechanical impurities and particles of de- 
natured protein we cleared the RNA solution by centri- 
fuging it at 7000 X g for 10 min. 

A measured vo":me of RNA solution in a test tube 
was treated with the calculated amount of 4 M or 2M 
NaCl, carefully mixed, and allowed to stand over night 
at 0°. The next day the high polymer RNA was separa- 
ted by centrifuging at 2500 x g for 15 min. The total 
content of RNA was determined in a control sample 
after precipitation with 2-3% HC1Og. The amount of 
RNA was determined by the phosphorus method of King 
[14]. The low polymer RNA (not precipitated by 1 M 
NaCl at a concentration of RNA more than 1.1 mg/ml) 
was precipitated by 2-3% HCIQ, and washed several 
times with alcohol and ether. In a separate case, the 
low polymer RNA was dialyzed against distilled ice = 
water for a day. 

Determination of nucleotide composition. A sam- 
ple of RNA preparation washed with alcohol and ether 
and dried in a desiccator and amounting to 5-10 mg 
was dissolved in 1-2.5 ml of 0.56 M KOH and placed in 
a thermostat at 38° for 18 hours. After the hydrolysis 
the test tube was cooled to 0°, neutralized with 30% 
HC1O,, the precipitated KC1O, was separated, and the 
weakly acid hydrolyzate was submitted to paper chro- 
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matography. The chromatographic separation was 
carried out according to Magasanik, Vischer, and Char- 
gaff (15) and Spirin and Belozerskii [16]; the spectro- 
photometric calculations were made according to Spirin 
and Belozerskii [16]. 


RESULTS 

The amount of high polymer RNA precipitated by 
0.5-1.0 M NaCl depends on the concentration of RNA in 
the solution (Fig.). Full precipitation of the high poly- 
mer component in 1 14 NaCl occurs at RNA concentra- 
tion not less than 1.1 mg/m!. At this concentration 
about 0% of the RNA extracted once by phenol at pH 
4.7-5 2 precipitates. This value is well reproduced for 
different organs of the rat when the high polymer is pre- 
cipitated by centrifuging in the cold at 2500 x g for 15 
min. We should mention that a single extraction of 
liver hormogenate by phenol mixed with 0.14 M NaCl 
does not give complete extraction of RNA, including the 
high polymer. A seco: J extraction of the tissue with a 
mixture of phenol and 0.14 M NaCl somewhat increases 
the total amount of RNA extrected and raises the amount 
of the high polymer component to 85 % of the total 
amount of RNA extracted by the phenol. Since we did 
not find any difference in the nucleotide composition 
of the RNA obtained by one of repeated extractions with 
phenol, we preferred in this work to study RNA prepara- 
tions obtained with one extraction by phenol and 6.14 
i4 NaCl. 

If the high polymer ccmponent of RNA is precipi- 
tated by 0.5 M NaCl, the amount of the RNA fraction 
precipitated is considerably lower at RNA concentrations 
less than 1.7 mg/ml (Fig.). However, the high polymer 
component which does not precipitate in 0.5 M NaCl at 
2500 x g in 15 min can be precipitated practically com- 
pletely by centrifuging at high speed. Thu:, centrifuging 
at 7000 x g(15 min) led to scparation of upto 7%, of 
the high polymer RNA in 0.5M NaCl at an RNA concen- 
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TABLE 1 


Amount of High Polymer RNA Precipitated 
by 1 M NaCl from the Water Phase After 
Treatment of the Homogenate by Phenol 
High polymer RNA in % of total RNA in 
the water phase 





RNA concentration 





Organ from From 0.7 to 


bove 1.4 
which RNA sep — 

mg/ml 0.2 mg/ mi 
isin nk Reco nsacnansnenhll 
Liver k0 30 
Spleen FS R9 30 — 35 
Kidney 16 — 84 30 


tration of about 1.1 mg / ml, that is, the same as in 1.0 
M NaCl. In other rat organs, the ratio between high and 
low polymer components of RNA was about the same as 
in the liver (Table 4). 

At RNA concentrations detween 600-700 ‘yg / mi! 
after adding NaCl to the solution to concentrations of 
1, 2, and 3 M, the high polymer component of RNA pre- 
cipitated in the following amounts: in 1 M NaCl, 25-30% 


TABLE 2 


Conditions of obtaining RNA prepa- 
rations 








High polymer RNA precipitated by — 
1 M NaCl at RNA concentration 
above 1.1 mg/ml 

The saine at RNA concentration 

0.7-0.8 mg/ml 

Spleen RNA under the same con- 

ditions 

High polymer liver RNA precipitat- 

ed by 1 M NaCl at RNA concen 
tration 0.7 mg/ ml, twice 
w>shed with 0.05 M EDTA 
The same, twice washed with 0.5 
EDTA 

High polymer RNA precipitated by 
0.5 M NaCl at RNA concentra- 
tion above 1.3 mg/ml 

Low polymer RNA after complete 

precipitation of the high poly- 
mer component and dialysis 

Liver RNA precipitated by ethanol 

along with nucleotides, before 

fractionation by 1Mor0.5 M 

NaCl 


7400 — 7600 


7400 — 7609 


7400 — 7600 


7400 — 7600 


Values of 2(P)ogq for Preparations of High and Low Polymer RNA from Rat Liver 


rom 7100 to 7800 |From 7100 to 7800 





RNA; in 2 M NaCl, 50-60%; in 3 M NaCl and saturated 
NaCl, 80% RNA. 

Determination of the value of the extinction, calcu- 
lated per g-atom of P, gave the following results: (P)ogg 
for high poiymer rat liver or spleen RNA, independent of 
the conditions of precipitation, was equal, at 7400-7600. 
The low polymer RNA (not precipitated by 1 M NaCl at 
RNA concentrations above 1.1 mg/ml) had similar ex- 
tinction values, but with greater variation: =(P)y9 was 
7000-7700. In order to remove acid soluble P we dia- 
lyzed the low polymer RNA for 24 hours against ice- 
distilled water. Measurement was carried out in 0.1 M 
NaCl at pH 7.0 (ionic strength 0.1). 

Determination of the content of N and P in the high 
polyrner RNA preparations showed that N made up 16.7% 
and P 9.97%, and the ratio N/P = 1.6. For the low pcly- 
mer RNA the N/P ratio varied from 1.65 to 1.55. 

It is known that treatment of RNA with concen- 
trated urea solutions leads to rupture of hydrogen bonds, 
which are labile and arise in the secondary structure 
of RNA in solution. The latter is accompanied by a 
hyperchromic effect in solutions cf native RNA from 
TMV {10,11}. We carried out a determination of the 
size of the hyperchromic effect in different prepara~ 
tions of RNA from rat liver. The hyperchromic effect 
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TABLE 3 


Nucleotide Composition of Rat RNA Preparations Obtained by Precipitation with 0.5-1.0 M NaCl at 
Different RNA Concentrations 

We give average values of determination of nucleotide composition from two to four preparations. 
In parenthesis are the limiting values for separate RNA preparations 


Nucleotide composition in mol BS gest 


_ = 48 
RNA preparation and conditions of 
ee ae mecinaes 


Rat Liver RNA 

High polymer precipitated by 1M 

NaCl at RNA concentration above 19.4 31.2 29.2 20.2 

1.1 mg/ml 18.8—/9.6)|(30.7-32.1) | (29.1-30.0) |(19.0—21.4) 
The same, reprecipitated by 1M 

NaC] at RNA concenwation of 350 

pe/Ml : 30. 21.4 
The same, precipitated by LM 

NaCl at RNA concentration 350 

yp g/ml 
The same, precipitated by 0.5 M 

NaCl at RNA concentration above 

1.7 mg/ml 
The same, precipitated by 0.5 M 

NaC! at RNA concentration 1,0 

mg/ml 
The same, precipitated by 0.5 M 

NaCl at RNA concentration 1.1 mg/ 

ml, centrifuged at 7009 x g for 

15 min 19.4 31.2 29.2 20.2 
Low polymer RNA 20.4 28.0 29.5 21.3 


20.0-20.8) |(26.9-29.7) © (29.0—30.0) "(20.4-23.9 
(Kidney RNA) 


High polymer, precipitated by 1 M 

NaCl at RNA concentration above 

1.1. mg/ml 20.0 30.3 
The same at concentration 350 

yp g/ml 19.5 30.8 
Low polymer RNA 21.7 28.8 

(Spleen RNA) 

High polymer, precipitated by 1M 

NaCl at RNA concentration 

above 1.1 mg/ml 19.4 31.6 27.7 
The same, precipitated at RNA 

concentration 350 y g/ml 19.6 31.0 29.4 
Low palymer RNA 20.4 30.0 28 0 


Note: A - adenylic acid; G - guanylic acid; C - cytidylic acid; U - uridylic acid 


under the influence of 6.0 M urea was the same for all effect. The low polymer component of the RNA did 
the preparations of high polymer RNA, independent of not show a hyperchromic effect (Table 2). 

the conditions of precipitation and was 107 of the ini- The results cf the determination of the nucleotide 
tial value of X{P)x9. A preliminary 2-3 time treat- composition of the RNA fractions obtained under differ- 
ment of the RNA with 0.05-0.5 M EDTA, in spite of ent conditions of precipitation are shown in Table 3. 
the report of Fraenkel-Conrat [13], did not affect the As the data of the tables show, there is no actual dif- 
value of either the initial X(P)y_ or the hyperchromic ference between the high polymer RNA precipitates. 
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A definite difference in nucleotide composition is 
found only between fractions of high and low polymer 
RNA for the rat liver. 


DISCUSSION 

The data which we have obtained show that RNA 
in animal cells occurs chiefly in the high polymer 
state; -0-+5>% of the RNA consists of the high polymer 
fraction, precipitated by 1 M NaCl. Since at RNA 
concentrations above 1.5 mg/ml NaCl of any concen- 
tration precipitates practically all the high poiymer 
RNA, and at lover RNA concentrations 0.5-1.0 M 
NaCl precipitates only a definite portion of the high 
polymer RNA, we are justified in expecting a fraction- 
al precipitation of high polymer RNA under different 
conditions of precipitation. We can sssuine that 0.5 
M NaCl will precipitate a fraction with more high- 
polymer component of RNA from the RNA solutions 
of comparatively low concentration, especially if 
the precipitate of high polymer RNA is scparated by 
centrifuging at low specds (2500 x g). On the other 
hand, with increasing concentrations of both NaCl and 
RNA, we should expect a simultaneous precipitation 
of the less highly polymerized RNA components. 

Detailed study of the nucleotide composition of 
the fractions which we obtained does not show a differ- 
ence in composition for the precipitates of high poly- 
mer RNA obtained under different conditions of preci- 
pitation, either for rat liver RNA or for RNA from 
other organs. Since it is known that high polymer 
RNA consists of several components with different 
sedimentation constants [3,5,7], the following assump- 
tions are possible. Either the high polymer RNA com- 
ponents, independent of molecular weight, have on 
the average a similar or identical nucleotide compo- 
sition, or under different conditions of precipitation, 
the RNA precipitate contains in equal proportions 
molecules or molecule aggregates of RNA with differ- 
ent degrees of polymerization. The latter seems to 
us less probable. 

We should also remark on the correspondence of 
the nucleotide composition of the RNA preparations 
studied with the "Chargaff rule*. The "Chargaff rule® 
also applies to the nucleotide composition of the high 
polymer RNA from Ehrlich ascitic carcinoma. In a 
test we obtained data which fully agreed with the 
determinations of Colter and co-workers[3]. 

Since the value of the hyperchromic effect un- 
der the influence of 6 M urea on RNA is in general 
proportional to the number of ruptured hydrogen 
bonds, we should note the equality of this value in 
all the high polymer preparations which we studied. 
In the low polymer RNA which is evidently present 
only in the soluble fraction of the cytoplasm, the 
hydrogen bonds do not occur. Their absence, and 
also the absence of spiralization in the secondary 
structure [10], assures the low polymer RNA of a sep- 


arate specific role in the initial stages of protein 
biosynthesis [9]. 

The absence of a difference in nucleotide com- 
position of the preparations of high polymer RNA ob- 
tained under different conditions of precipitation and 
at the same time, under conditions which avcid 
secondary degradation of RNA during fractionation, 
compel us to consider very carefully the results re- 
ported in the literature on fractionation of RNA by 
ion exchange resins or cellulose type Ecteola. Evi- 
dently the RNA fractions obtained by Butler and 
Miura [S) are to a considerable extent the result of 
degradation when RNA solutions react with the ac- 
tive groups of ion exchange resins, 


SUMMARY 

In RNA preparations isolated by the phenol method 
from rat liver, spleen, and kidney, 80-85% consists of a 
high polymer RNA fraction which is precipitated by 
1M NaCl. The high polymer RNA fraction can be sep- 
aratedcomplictelyfrom the low polymer RNA by 1M 
NaCl at RNA concentrations not less than 1.1 mg/ml 
or from relatively dilute RNA solutions (not less than 0.4 
mg/ml) by concentrated NaCl (3 M of more concen- 
trated). 

The nucleotide composition of all the high polymer 
fractions cf RNA of rats is the same and does not depend 
on conditions of precipitation (NaCl concentration) or 
the organ from which the RNA was isolated. The low 
polymer RNA fraction differs somewhat in its nucleo- 
tide composition from the high polymer RNA fraction of 
rat liver; for rat spleen and kidney RNA this difference 
is less sharp. 

Measurement of the hyperchromic effect in solu- 
tions of high polymer RNA under the action of 6 M urea 
showed that the increase in <(P)g_ reaches 10% of the 
initial value. There is no hyperchromic effect in the 
low polymer RNA. 

In conclusion we express our thanks to Prof. 1. B. 
Zbarskii for valuable advice and aid in the work. 
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OSCILLOGRAPHIC POLAROGRAPHY OF DEOXYRIBONUC LEIC 


AND APURINIC ACIDS * 


E. Palecek 


September- October, 1960 
Original article submitted December 8, 1959 


In previous work [1,2] we used oscillographic po- 
larography with alternating current for analysis of the 
components of nucleic acids. Our subsequent investi- 
gations showed that the polarographic method permits 
analysis also of highly polymerized nucleic acids. In 
the present communication we report the results of pe- 
larographic analysis of DNA and apurinic acid. 

Oscillographic polarography with alternating 
current, introduced by Heyrovsky (3], is based on the 
rapid charge and discharge of the polarizable electrode 
(most often the dropping mercury electrode) by the al- 
ternating current. The relations which result between 
the voltage E, the time t and the current { are record- 
ed on the oscillograph screen. For analytical purposes 
the most suitable function is dE/ dt = (E); for the study 
we can use the Polariscope P-524 and P-576 (manufac- 
tured by the firm of Krizik,Prague). 

A number of papers have been devoted to questions 
on the theory and practical use of oscillographic polar- 
ography (4-9). 


METHODS 
We analyzed polarographically preparations of DNA 
isolated from calf thymus, rat spleen and ascitic 
tumorsf and also apurinic acid. Highly polymerized 
DNA was isolated from the calf thymus by extraction 
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Fig. 1 Graphical expression of 
the function dE/ dt = KE). Design- 
ations given in text. 
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with NaCl solution followed by deproteinization by a 
mixture of chloroform and amyl alcohol according to 
Gulland [10) and with an anionic detergent according 

to Kay [11]. Apurnic acid was obtained from calf thy- 
mus DNA by the action of dilute HCl, pH 1.6 at 37 
according to Tamm, et al. [12]. 

The polarographic measurements were carried cut 

with Polaroscope P-524 with a diopping mercury elec- 
trode. The oscillograms were photographed on Isopan 
ISS film with an Exacta-Varex apparatus (Biotar objec- 
tive 1:2, f = 59); the oscillograms were measured di- 
rectly on the negative or after enlargement. The mer- 
cury on the bottom of the vessel served as the nonpo- 
larizable clecirode. As the basic electrolytes we used 
ammonium formate, NaCl (or KC]) and dilute NaOH or 
KOH, that is, the same solutions in which we previously 
analyzed the components of the nucleic acids [1,2] ex- 
cept for sulfuric acid, in which DNA i: precipitated. 
We also used solutions with Cot** according to Brditka 
(107? M [Co(NHg)g] Cly in 1 M NH,C1-NH,OH) and with 
Ni**, in which proteins have polarographic aciivity (13, 
14). 

On the curve of the basic electrolyte (Fig. 1) after 
addition of the polarographically active substance appear 
cut-ins, whose potential is determined by the nature, and 
depth by the concentration, of this substance. In practice 
we do not measure directly the depth of the cut-in (sec- 
tion B), but section A, whose measurement on the oscill- 
ogram is simpler. The potential of the cut-in E, is 


* Abbreviations used in this paper: AMP, adenosine 
monophosphate; DGMP, deoxygaunosine monophos- 
phate; DNA, deoxyribonucleic acid; CMP, cytidi- 
nemonophosphate; DCMP, deoxycytidine monophos- 
phate; Q,,Q¢» and Op, respective anode, cathode, 
and reversible cut-ins. 


t Some of the samples of DNA preparations from 
rat spleen and DNA preparations from ascitic tumors 
used in this work were isolated and kindly furnished 
to us by Drs. L. Gnilitsa and V, Goloubek of the 
Oncological Research Institute, Bratislava. 








characterized by the ratio Q: the distance of the cut-in 
from the left end point to the distance between the end 
points of the oscillogram [5]. 


RESULTS 

Polarographic behavior of DNA in media which con- 
tain ammonium formate. In a solution which contains 
1 M ammonium formate, DNA shows a cut-in in the 
anode part of the curve (Q, 0.16), that is, in the same 
place as the cut-in which corresponds to deoxyguanylic 
acid (Fig. 2). The relation of the depth of the cut-in to 
the concentration is shown in Fig. 3. Just as in the case of 
DGMP, the cut-in disappears when the electrode is not 
polarized to the potential of the right hand end point. 
When the concentration of the basic electrolyte is de- 
creased, the depth of the DNA cut-in is lowered. Similar 
behavior is also found in the case of the anode cut-in of 
DGMP. Also, as in the experiments with DGMP, the depth 
of the DNA cut-in decreases with rise in temperature 
(Fig. 4). On the other hand, in the case of AMP and CMP 
the depth of the cut-in increases with rising temperature. 
An analogous relation is shown for the DNA and DGMP 
cut-ins to the pH of the medium. 


The similarity in the character of the anode cut-ins 
of DNA and DGMP shows that the DNA cut-in probably 
depends on DGMP present in the DNA molecule. In 
order to show that this assumption is correct, we have 
studied in the same basic electrolyte apurinic acid 
which does not contain adenine and guanine. The 
characteristic cut-in is no lunger shown on the apurinic 
acid polarogram ( even at concentrations correspond- 
ing to 2 mg DNA/ml).However, in this case we noted a 


new distinct cut-in in the cathode portion, Qc 0.86, 
and also a second, less distinct cut-in in the region of 
more positive potential, Q- 0.64 (Fig. 5, a). We must 
remark that for DCMP there are coiresponding cut-ins with 
almost the same potentials. 

Polarographic behavior of DNA in media which con- 
tain NaCl or alkali. When DNA is polarographed in 
1 M NaCl or KCI it shows two cut-ins in the cathode 
portion, Qc -1 andQc - 4, Qc-1, the more positive 
cut-in, equals about 0.5- (in all cases it is shallow). 
The more negative cut-in, Qc. 0.7%, is sharper and 
deeper (Fig. 5, b). The reaction in this medium as 
compared to the reaction of DNA in a medium con- 
taining formate is less sensitive. In the case of small 
concentrations of the basic electrolyte (0.2 M) the 
cut -ins de net appear. 

The oscillogram for apurinic acid is very similar 
tu the oscillogram of the original DNA; both cut-ins 
are shifted only weakly to a more positive potential, 
and the negative cut-in is clearer Fig. 5,c). In alka- 
line solution DNA shows a reversible cut-in, Qp 0.71 
(Fig. 5, d). After keeping for several hours at 37°, 
both cut-ins gradually vanish. Apurinic acid in the 
same media gives only a diffuse cathode cut-in, Qc 
0.5~ (Fig. 5,e). 

Polarographic behavior of DNA and proteins when 
present together. Traces of proteins do not change the 
polarographic reactions of DNA in media which con- 
tain ammonium formate or NaCl. At concentrations 
of y-globulin of 60 yg / ml the cut-in of DNA corres- 
ponding to a concentration of pg/ml of the latter is 
decreased (medium, 1 ml 2 M ammonium formate or 


Fig. 2. Oscillograms of DNA and DGMP in the presence of ammonium 


formate. a) 75 yg/DNA/ ml, 1 M HCOONH,; b) 100 yp g DGMPY ml, 1 
M HCOONKH,. 





2 M NaCl), but in this case the protein does not show 
its own cut-in. 

For determination of DNA and protein when they 
are present together we used as the basic electrolyte a 
solution which contained Co’** and Ni** (13,14). The 
osciliogram of one of these experiments is shown in 
Fig. 5, f; DNA in the Co*** solution gives two charac- 
teristic cut-ins (Fig. 5, h). Similar cut-ins are found 
when the basic electrolyte is a solution which contains 
om”. 

Thus, protein and DNA can be determined together 
and even a great excess of protein does not change the 
reaction (Fig. 5, g). 


DISCUSSION 

We have worked out a simple method which permits 
rapid qualitative and quantitative determination of 
DNA; however, this method coes not have an advantage 
over spectrophotometric analysis in ultraviolet light. 
From this point of view, we do not attach great signi- 
ficance to the method, since there are several more 
sensitive and specific methods. 

In our opinion, the use of the polarograph for deter- 
mining the degree of denaturation of DNA is impor- 
tant. At the same time, it opens the possibility of us- 
ing this method in studying the structure of DNA. We 
have succeeded in showing that the anode cut-in of 
DNA which appeais in media containing ammonium 
formate is caused by DGMP present in the DNA mole- 
cule. 

The question arises as to how DGMP can react on 
the electrode when it is bounc in the DNA molecule 
whose structure can be represented by the Watson- 
Crick model and why then the DCMP does not react, 
when under analogous conditions it also gives a cut-in? 
These facts can be explained as follows: 4 definite 
part cf the purine base of DGMP occurs on the surface 
of the DNA molecule while the analogous part of the 
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Fig. 3. Relation of depth 
of cut-in to DNA concen- 
tration. Basic electrolyte 
1M HCOONH, 


DCMP lies deep in the molecule. In order to show 
the anode cut-in of DGMP it is probably important to 
have an amino group in position 2 [2], which, as is 
assumed, does not take part in occurrence of hydrogen 
bonds in DNA [15]. 


On the other hand, the amino group of cytosine in 
position 6, which is probably responsible for the occur- 
rence of the cathode cut-in, shares in the formation of 
hydrogen bonds in the DNA molecule. The idea that 
the DCM® bound by the DNA molecule, because of 
steric hindrance, cannot react with the occurrence of 
cut-ins is well eonfirmed by the oscillogram of apu- 
rinic acid, which lacks hydrogen bonds and does not 
have the spiral structure connected with them. Actual- 
ly, we find two cut-ins on the oscillogram of apurinic 
acid which correspond in their positions to the cut-ins 
of DCMP. On the basis of our preliminary measure- 
ments, these cut-ins actually are the cut-ins of DCMP. 

The idea that par? of the purine bases of DGMP 
occupies a surface position inthe DNA molecule agrees 
with the findings of Reiner and Zamenhof [16] that in 
the methylation of DNA by dimethyl sulfate under 
very mild conditions (pH 7.3, 23°) a part of the phos- 
phate groups is esterified and a methyl] derivative of 
guanine is produced. 

The way in which DNA behaves in the other basic 
electrolytes is very interesting. Tae reaction of DNA in 
the presence of NaCl can be ascribed to deoxyribose phos- 
phate chain, since its activity is retained after splitting 
out adenine and guanine. It is unlikely that the reaction 
can be caused by cytosine or thymine which under 
these conditions do not give such reactions, 

As to the reversible cut-in of DNA observed in 
roedia with caustic alkalis, this is probably connected 
with the fine structure of DNA, becuase even under the 
action of 1 M alkali, that is, under conditions where 
destruction of the bases is impossible, it disappears. 


Fig. 4. Relation of depth of 
DNA and DGMP cut-ins to 
temperature. A is expressed 
in % of the value of A at 20°. 
1) DNA; 2) DGMP. 
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Fig. 5. Oscillograms of DNA, apurinic acid, and y-globulin in different solvents. a) apurinic acid in the pres- 
ence of ammonium formate (amount of apurinic corresponds to 1 mg DNA/ ml 1 MHCOONH,); b) DNA in the 
presence of NaCl (500 yg DNA/ml 2 M NaCl); c) apurinic acid in the presence of NaCl (amount of apurinic 
acid corresponds to 125 pg DNA/ ml 2 M NaCl); d) DNA in the presence of NaOH (70 »g DNA/ ml M NaOH); 
e) apurinic acid in the presence of NaOH (amount of apurinic acid corresponds to 1 mg DNA/ ml 1 M NaOH); 
f) y-globulin in a solution which contains Co“~** (5 gg protein/ml solution); cut-in corresponds to Co, I, 
protein; h) DNA in a solution which contains Co*** (250 pg DNA/ ml of solution); cut-ins I and II correspond 
to DNA; II to Co (cut-in I is clearer in a medium of 1 M NH,CI-NH,OH; g) DNA and protein present together 
in a solution which contains Co*** (10 yg protein+ 500 yg DNA/ ml of solution). Cut-inI is characteristic 
only of strongly depolymerized DNA; cut-in II corresponds to Co; II to DNA; IV to protein, 





Polarography has practical value in media which 
contain Co*** or Ni**, since under these conditions 
we can detect small amounts of proteins in DNA pre- 
parations. 


SUMMARY 

We have analyzed highly polymerized DNA and 
apurinic acid by the method of oscillographic potaro- 
graphy with alternating current. We have observed that 
DNA gives cut-ins in media with 1 M ammonium for- 
mate, KCl, alkali, and in solutions which contain 
Cot** or Ni**. 

The anode cut-in of DNA which occurs in a me- 
dium of ammonium formate depends on deoxyguanylic 
acid bound to the DNA molecule; this is indicated by 
the similarity of the characteristic cut-ins of both sub- 
stances and the disappearance of the cut-in after the 
removal of gucnine from the DNA molecule. The 
polarographic behavior of DNA suggests that a portion 
of the purine base, guanine, occurs on the surface of 
the DNA molecule, and cytosine is inside the double 
spiral. 

Oscillopolarography can be used to estimate the 
degree of denaturation of a DNA preparation and for 
study of its course. The behavior of DNA in solutions 
which contain Co*** and Ni** permits detection of 
small atnounts of protein in DNA preparations. 
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DYNAMICS OF THE CONCENTRATION AND INCORPORATION 
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The first stage in the utilization of amino acids 
for protein synthesis in cells is their uptake against a 
concentration gradient [1]. 

On the basis of a number of investigations it was 
concluded that in mammal tissues accelerated growth 
is associated with an increase in the ability of the 
cells to concentrate amino acids (embryonic tissue; 
tumors) [2,3]. The high activity of tumor cells in this 
respect can be related to the increased incorporation 
of amino acids into tumor proteins in vitro [4]. 

Our experiments have shown that cells of M-1 
sarcoma, rat ascitic hepatoma, and the ascitic form of 
Ehrlich mouse carcinoma actively concentrate glycine- 
1-C™, methionine-s™, tyrosine-C™ and lysine-C™. 
The ability of tumor cells to concentrate amino acids 
is 2-8 times that of liver cells. The ratio of the radio- 
activity of labelled glycine or methionine in proteins 
of M-1 sarcoma slices to the radioactivity of proteins 
of liver slices when they are incubated for 30 minutes 
is equal to the ratio of the concentrations of these 
amino acids in cells of the respective tissues, that is, 
the increased concenaation of these amino acids can 
completely explain their increased incorporation in 
the proteins. On the other hand, the relative ability 
of temer cells to incorporate lysine and tyrosine in 
proteins significantly surpasses their relative concen- 
trating activity, which would necessitate the occur- 
rence of some other mechanism for these amino acids 
[5]. In the present communication, data on the in- 
corporation into proteins and the concentrating acti- 
vity of tumor cells with time and the relationship of 
these changes of concentration of amino acids in the 
external medium are presented. 


METHODS 

The uptake of glycine- +C* and lysine-1-C* by 
rat liver and rat sarcoma M-1 slices and cells of Ehr- 
lich’s ascitic mouse cancer was investigated accord- 
ing to a method described earlier [5] during time in- 
tervals of 1-2 hr. 150-200 mg slices of Ehrlich’s 
ascitic cancer cells were incubated in Warburg vessels 
at 37.8° in an atmosphere of oxygen; radioactive amino 
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acid was added to the vessels at-a Icvel of 30,000 to 
60,000 counts/ min in 2 ml of Robinson’s medium with 
glucose [6]. 

The tissue proteins after TCA extraction of the 
free intracellular amino acids were processed by the 
usual methods (5,7). The radioactivity of the proteins 
and the free amino acids of the cells were determined 
on 4 B apparatus in 10 mg of protein. Results are given 
as the number of counts per minute in the volume of 
the incubated medium and in an equal volume of the 
original tissue. 

In experiments to study the effect of different con- 
centrations of lysine or glycine on their accu:nvlation 
by cells of Ehrlich’s cancer, 2048 to 50 mg of the 
respective amino acid of low radioactivity was added 
to 2 ml of incubating medium, In addition, in some ex- 
periments, a mixture of amino acids was added to a 
final concentration of 0.1 mmoles. 


RESULTS OF THE INVESTIGATiON 


Ten experiments were carried out to determine 
the ability of cells of sarcoma M-1 slices to concen- 
trate glycine - 1-c* and lysine-1-c™ with time. 
Sufficiently uniform results were obtained foreach of 
the investigated amino acids. As seen in Fig. 1, in 
which data from one of the experiments is presented, 
the radioactivity of the protein tree filurate inside the 
cells increased during the course of 2 hours incubation 
with glycine-1-c™, and in order to attain one half of 
the radioactivity, about 1/10 of this time was necess- 
ary, that is 10-15 min. On the other hand, lysine was 
concentrated much more quickly; the maximum up- 
take took place in 30 min incubation, half of the 
uptake occuring in 2-3 min. Incorporation of both 
lysine-1-c* or glycine-1-c™ was practically propor- 
tional to the time. The quantity of marked amino 
acid in the external medium constantly decreased. 
Investigation of shorter times of incubation of slices 
(1,3,7,10,15, and 30 min) in the presence of lysine- 
1-C™ showed (Fig. 2) that the uptake curve of this 
amino acid was analagous in character to the uptake 
curve of glycine by cells of slices of the respective 


tissues. However this process occurs more rapidly in 
the cate of lysine. 

The ability of cells of liver slices to concentrate 
lysine-1-c and glycine-1-<c™ is considerably less than 
that of tumor slices. The maximum intracellular con- 
centration of glycine was observed after 30 min incu- 
bation and subsequently did not change significantly 
(Fig. 3A). The level of lysine in the cells had already 
attained a maximum in 10 min ana did not change 
after that. The radioactivity of the protein increased 
approximately proportionally to the time of incubation. 
Thus, the investigated process in liver slices in general 
followed the same course as in tumor slices; the maxi- 
mum intracellular concentration in the first case was 
Significantly less than in tumor slices, but it was 
attained more rapidly. 

Experiments with cells of Ehrlich’s ascitic mouse 
cancer (34 experiments) showed that both incorporation 
and uptake occur more intensively than in experiments 
with slices; the maximum intracellular concentration 
is established more quickly. The maximum concentra- 
tion of giycine was attained in 15-30 min (half satura- 
tion in 3 min); with lysine, the maximum was reached 
much more quickly, in 3-4 min (Fig. 3 B). It may be 
noted that in experiments with ascitic cells we obtained 
a regular maximum of radioactivity of lysine, which 
subsequently decreased by almost half. A similar phe- 
nomenon was not obtained with radioactivity measure - 
ments (Fig. 3 B), but when glycine was determined 
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Fig. 1. Concentration and incor- 
poration into protein of glycine-1I- 
c* and lysine-1-C** by slices of 
rat sarcoma Mel. 1,2, and 3) 
Radioactivity of glycine in pro- 
tein free filtrate of cells, incu- 
bating medium and protein, 
respectively. 4,5, and 6) radio- 
activity of lysine in protein 

free filtrate of cells, incubating 
medium and protein, respec- 
tive}y. 


according to the specific method of Aiexander [8] it 
showed the samme type of curve, but a more difiuse peak. 

Taking into consideration that the experiments 
described above were carried out mainly by the radio- 
active isotope method with very low concentrations of 
added labeled amino acids, we further studied these 
same mechanisms, inrreasing the concentration of ami- 
no acids from levels of 10 pg to 50 mg in 2 ml of 
medium by using the same amino acids at a lower 
radioactivity. When the concentration of lysine or 
glycine was increased from 10 /g to 100 wg their in- 
corporation into protein proceeded proportionally to 
the uptake of these amino acids by the cells (Fig. 4). 

Ai levels of concentration from 100 pg to 500 Lg 
the quantity of both glycine and lysine in the cells corr 
tinued to increase rapidly while at the saine time the 
incorporation of the amino acid in the protein increased 
slowly. When lysine or glycine are added in an amount 
of 500 rg to 20 mg (Fig. 5), an increase in the free 
amino acid inside the cells was stiil observed, but in- 
corporation of the amino acid in the protein remained 
at a constant level. 

If the amount of the amino acid in the test sur- 
passes 30 mg,then the intracellular concentration of 
this amino acid attains the level of amino acid concen- 
tration outside the cells (Fig. 5}* 

Thus, in the region of physiological concentrations, 
the incorporation of amino acids into protein is prac- 
tically proportional to their increase inside the cell; 


Radioactivity 
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Fig. 2. Concentration and incorpora- 
tion into protein of lysine-1-C™ by 
slices of rat sarcoma Mel. Radio- 
activity. of lysine: 1) in protein 

free filuate of cells, 2) in the in- 
cubating medium 3) in protein. 


* A somewhat lower position of the intracellular radio- 
activity curve on increase of the external concentration 
of glycine beyond 30 mg can be explained by the fact 
that the calculation was carried out on 2 g of tissue, 
without taking into account its water or intercellular 
fluid content. Apparently, if these corrections are 
introduced, then the intracellular concentration must be 
equal to the extracellular. 
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Fig. 3. Concentration and incorporation into protein of glycine-1-c and lysine-1-c 
by rat liver slices (A) and cells of Ehrlich’s ascitic mouse cancer (B). A) designations 
the same as in Fig. 1; B:1) radioactivity of glycine in protein free filtrate of cells; 
2) concentration of glycine in cells, determined by the colorimetric method of Alex- 
ander; 3) and 4) radioactivity of glycine in the incubat'ng medium and protein, 
respectively; 5, 6 and 7) radioactivity of lysine in protein free filtrate, incubating 
medium and protein, repsectively. 
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Fig. 4 Fig. 5 
Fig. 4. Concentration and incorporation into protein of lysine -1-c! by cells of Ehr- 
lich"s ascitic mouse cancer in relation to its different amounts in the incubating medium. 
1, 2, and 3) radioactivity of lysine in protein free filtrate of cells, incubating medium 
(scale 1) and in protein (scale 2), respectively. 
Fig. 5. Concentration and incorporation into protein of glycine-1-c™ by cells of Ehr- 
lich"s ascites mouse cancer in relation to its different amounts in the incubating medium, 
1, 2, and 3) radioactivity of glycine in protein free filtrate of cells, incubating medium 
and in protein, respectively. 
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in other words, it is determined to a significant degree 
by the rate of active concentration of amino acids of 
the cells. At higher concentrations of amino acids in 
the external medium (0.2 M for glycine; 0.1 M for ly- 
sine) the mechanism of active concentration of amino 
acids discontinues its influence. The concentration of 
amino acids outside and inside the cells is established 
simultanecusly, and their incorporation into protein 
remains at a constant level. 


DISCUSSION OF RESULTS 

According to data in the literature, the greater 
part of the entry of glycine into cells of Ehrlich’s asci- 
tic mouse cancer takes place in the first 15 min of in- 
cubation [1], although this process proceeds actively 
for the following 1-3 hours. At first there is an in- 
crease in the intracellular concentration, followed by 
2 levelling off. Heinz [9], using the isotope method, 
established that the half maximum concentration of 
glycine-C™ inside the ascitic cells of Ehrlich’s mouse 
cancer occured in the first 3 min. 

We have investigated the concentration of both 
glycine and lysine-1-c™ by slices of M-1 sarcoma and 
the liver of rats and by ascitic cells of Ehrlich’s mouse 
cancer. Along with the concentration of tiese amino 
acids, their rate of incorporation into protein has been 
studied. It was found that the greater part of the con- 
centration of lysine by ascitic cells of Ehrlich’s mouse 
cancer occurred in the course of the first three minutes 
of incubation, and of lysine, in the first 15 min. 
Following this, a decrease in the intracellular amount 
of amino acids takes place. This is especially marked 
in the case of lysine. This decrease can scarcely be 
explained by an increase in the use of lysine for pro- 
tein synthesis; rather, some sort of reverse binding me- 
chanism taken place, establishing the necessary limit- 
int concentration of lysine in the cells. Some decrease 
in glycine was found only when it was determined by 
the specific method of Alexander. This circumstance, 
that neither we, nor Heinz (9) could determine by 
radioisotope methods, makes it probable that there 
exists a quick metabolic breakdown of glycine in the 
absence of lysine. 

In the case of slices of M-1 rat sarcoma, the maxi- 
mum concentration of glycine and lysine occurs in a 
later period of incubation, which may be connected 
with different conditions of permeability of amino 
acids in cells of the slices, in comparison with cells of 
Ehrlich’s ascitic mouse cancer. 

An investigation of the accumulation of cellular 
amino acids is interesting from the point of view of a 
study of the mechanism of the process of active concen- 
tration of cellular amino acids. According to Riggs and 
co- workers[10], anincrease in the extracellular level of 
glycine or tryptophan (from 1 to 5 mmoles in1 kg extra- 
cellular liquid) leads at first to a rapid increase in con- 
centration inside the cells, followed by a slower in- 
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crease, and according to the hypothesis of the authors, 
on further increase of the extracellular level of amino 
acids a constant ratio between the intra-and extracellu- 
lar Concentrations is maintained. An analogous conclu- 
sion is reached by Jacques [11], investigating the active 
transport of azaserine and 6-diazo-5-oxo-L-norleucine 
by ascitic cells of Ehrlich’s mouse cancer, who used 
high concentrations of amino acids in the incubating 
medium (up to 40 mmoles). 

We established the levels of amino acid concen- 
tration which determine the relationship between the 
processes of concentration of amino acids and their in- 
corporation into protein. If the incorporation of amino 
acids into protein is proportional to the uptake in the 
region of 201g to 100 yg per 2 ml medium, then at 
levels of concentration from 100 pg to 500 Hg the 
amount of amino acids in cells will continue to in- 
crease quickly, while at the same time the ‘incorpora~ 
tion of these amino acids into. protein accelerates in- 
significantly. At extracellular concentrations from 500 
Hg to 20 mg in 2 ml medium, the uptake of amino 
acids inside the cells increases slowly, and the radio- 
activity of the protein remains at a constant level. 

Thus, at physiological concentrations of amino 
acids, the uptake and incorporation into protein of 
these amino acids is proportional to their content in the 
extracellular liquid. At very high concentrations of 
amino acids .n the external medium the mechanism 
of active concentration ceases to function. According 
to Heinz [12], in this zone of concentration the mechan- 
ism by which the transfer of amino acids into the cell 
takes place is saturated. 


SUMMARY 

The maximum intracellular concentration of ly- 
sine-C™ and glycine-c™ in ascitic cells of Ehrlich’s 
mouse cancer occurs between 3 and 15 min, respect- 
ively. The maximum intracellular concentration of 
these amino acids in slices of M-1 sarcoma and livers 
of rats takes place at a later period in the incubation, 
which apparently is connected with differing conditions 
of penetration of these amino aciJs into the slices. In 
escitic cells, the maximum iniracellular concentration 
subsequently decreases and is established at a lower 
level. 

At physiological concentrations the incorporation 
of glycine-C™ and lysine-c™ into protein of Ehrlich's 
ascitic cancer cells increases proportionally to their 
intracellular concentration. When the extracellular 
concenuation of lysine or glycine is increased to 250 
u g/ml a concentration of amino acids against the 
gradient still occurs, while their incorporation into 
protein takes place slowly. Further increase in the ami- 
no acid content in the extracellular fluid (from 250 H g/ 
/ml to 10 mg/ml and higher) resuits in a decrease in 
the ratio between intra- and extracellular concentra- 
tions of amino acids, followed by a leveling off. 





acids, the mechanism of-active concentration apparent- 


Consequently, at high concentrations of amino 


ly ceases to function. 
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It has been shown recently [1,2] that procollagen,® 
as extracted from the tissue by acid citrate buffer, is 
split by urea, KCNS, as well as by heating, into two 
alpha- and beta-components, with a molecular weight 
of 125,000 and 290,000 respectively. Since the ratio by 
weight of these ccinponents in the citrate-soluble pro- 
collagen happened to be 1:1, the suggestion was made 
that the molecule of this protein (assuming its molecu- 
lar weight as 500,000) consists of two alpha- and one 
beta- components. 

Mathews, Kulonen, and Dorfman [3], observed 
two peaks on sedimentation diagrams of ultracentrifuged 
heated procollagen solutions, In their opinion, this is 
due to the existence in procollagen solutions of a tem- 
perature-sensitive reversible system, consisting of mono- 
meric particles with a molecular weight of 70,000, and 
of their aggregates. Astrup and associates [4] showed in 
an isinglass solution, the presence of two components 
with a sedimentation constant of 2:8x107* and 3.7x10 ™ 

Gallop [5}, in his study of the sedimentation of 
isinglass {procollagen from the air bladder of fish), heat- 
ed in acid citrate buffer, did not observe any splitting of 
this protein into two componeitts, and he was able to de- 
tect them only after uluacenuifugation of heated salt 
slutions under conditions of a neutral pH [6). 

Doty and associates [7,8] identified two components 
in solutions of denatured procollagen isolated from the 
skin of codfish, calf, and the air bladder of carp. The 
molecular weights of alpha-and beta- components, iso- 
lated from the collagen of calf*s skin and air bladder of 
carp amounted respectively to 120,000 and 230,000 in 
the first instance, and to 80,000 and 160,000 in the 
second. 

Assuming that the procollagen solutions represent 
a monodisperse system consisting of particles with a 
molecular weight of 350,000, the authors drew the con- 
clusion that the procollagen molecules of calf skin 
consist of one particle of the alpha-component and one 
particle of the beta-component, while the molecule of 
native isinglass contained two alpha- and one beta- 
component particles. The experiments of Doty and 


associates showed also that the beta-component could 
be converted (at pH 12.0 or after prolonged heating) 
into a product, which would coprecipitate with the alpha- 
component. According to these investigators, the ratio 
by weight of the alpha- and beta- components in the 
procollagen of cod's and calf*s skin amounts to 1:1. 
Thus, it is at present possible to accept that the mole- 
cule of citrate-soluble procollagen consists of two struc- 
tural units of different molecular weight, namely, of 
alpha- and beta- components, which, as shown by our 
investigations [9], possess differing metabolic activity. 

The objective of the present investigation consists 
of a study of the amino acid composition of the alpha- 
and beta-components, as well as in finding the rate of 
c*-slycine inclusion into the alpha-and beta-compo- 
nents of citrate-soluble procollagen in relation to the 
physiological condition of the animals (age, cortisone 
injection).In addition we studied the denatured procoll- 
agen preparations, isolated by means of alkaline and 
neutral salt solutions, 


METHODS 


The incorporation of C- glycine in the alpha-and 
beta-procollagen of animals of various age was studied 
in white rats of 400-450 g body weight. The animals 
killed 6, 15, 24, 72, 120, and 168 hours after the intra- 
peritoneal administration of a c*-plycine solution, on 
the basis of 16,000 imp/ min/ g of body weight. 

The effect of cortisone on the rate of C-glycine 
incorporation was studied on three groups of 150-170 
g animals; the animals of GroupI' received cortisone 
subcutaneously, in a daily dose of 5 mg, for a period of 
5 days, the animals of Group II, for 3 days, and those 
of Group III, once. Subsequent to the administration 
of cortisoneacetate, all of the experimental animals as 
well as the controls, received intraperitoneally a cH. 
glycine solution (18,000 imp/ min per gram of body 


* We classify as collagens all of the soluble collagen- 
like proteins, irrespective of the method of their isola~ 
tion from connective tissue. 





weight. The animals were killed 20 hr after the acmin- 
istration of the labeled amino acid. 

The specimens of citrate-soluble procollagen were, 

in atl of the experiments, obtained from sk.n 

by a previously described method [9]. The alkali- and 
neutral-soluble procollagens were ottained from the 
skin of 150-200 g white rats. The animals were killed 
1*-20 tr following the administration of C #- glycine 
(10,000 = 14,000 imp/ min/.g of body weight. The alka- 
li-soluble procollagen was obtained by the method of 
Harkness and associates [10]. The skin pulp, remaining 
after the removal of the alkali-soluble procollagen, was 
in turn extracted for 24 hr with acid citrate buffer (a 0.1 
M solution of pH 3.8 - 3.9) to obtain the citrate-soluble 
procollagen. A citrate-soluble procollagen was also ob- 
tained from skin whichhad not been subjected to a pre- 
liminary treatrnent with phosphate, 

The neutrally-soluble procollagen was obtained by 
Gross* method {11}. The pulped skin was immersed for 
24 hr in a 0.45 M solution of NaCl, the extract being 
separated from the tissue by cenuifuging, and the resi- 
dual skin pulp was again submerged in NaCl solution. 
Thus, 6 one-day extracts of neutrally-scluble procolla- 
gen were obtained. The residual skin pulp, after the 
completion of the NaCl extraction, was subjected to 
exuaction with citrate buffer, fresh solvent being re- 
placed every 24 hr . Six one-day extracts of citrate- 
soluble procollagen were thus obtained. Where the 
skin was not treated with NaC! soluticn, there were 


obtained 10 one-day citrate-soluble procollagen ex- 
tracts. 


In order to obtain the alpha- and beta-components, 
from 4 to 6 g of the procollagen paste were submerged 
in 15 ml of a 5 M urea solution, mixed, and stored 
overnight under refrigeration. On the following day, 
the gel-like mass was heated for 5 min at 37-40°in a 
water bath, the resulting fluid filtered through a paper 
filter (in a thermostat at 37°C), and the obtained fil- 
trate brought to 25 ml by means of 5M urea. To 5 mil 
of this solution was added an equal volume of a satu- 
rated (at room temperature) solution of(NHg),SO,, thus 
obtaining a specimen of a denatured procollagen, 
consisting of a mixture of alpha- and beta- compo- 
nents, or, as per our nomenclature, a summary speci- 
men of alpha-and beta-components. To the remain- 
ing 20 ml of the solution there were added 11.5 ml of 
the (NHy),SQ, solution, resulting in the sedimentation 
of the beta-component, which was separated by centri- 
fuging. To the supernatent fluid there were again 
edded 1.0-1.5 ml of (NHy),SQ,, and the resulting pre- 
cipitate, representing the previously nonsedimented 
beta-component and a portion of alpha component, 
was separated by centrifuging, and discarded. The 
alpha-component, remaining in solution, was precipi- 
tated with 12mlof(NH,)SQ,. The leaching out of 
the salts and the drying of the obtained specimen was 


conducted as described in an earlier paper [9]. The 
radioactivity of the samples under investigation was 
expressed in imp /min/5 mg protein, 

The sedimentation of denatured and native speci- 
mens of procollagens were studied by means of Svedberg’s 
ultracentrifuge at 56,000 rpm and a temperature of 
21-23°C. Asa sotvent for the native specimen of 
procollagens, a 0.1 M <olution of a citrate buffer of 
pH 3.8-3.9 was used, the concentration of protein be- 
ing 0.6-0.7%. The denatured procollagen specimen 
was prepared for ultracentrifugal investigation in the 
following way: 300-500 mg protein were immersed 
in 5 ml of a 5 M urea solution, mixed, ard stored over- 
night under refrigeration, The following day, the gel- 
like mass was heated for 5 min in a water bath, and 
to the solution was added, at room temperature, an 
equal volume of saturated (NH,})SO,. The precipi- 
tate formed was separated by centrifuging, dissolved 
in 1.0-1.5 ml of 207% KCNS, diluted with an equal 
volume of water, followed by uluacentrifuging. Braun- 
itzer’s modification [13] of Levy’s method [12] was 
used for the quantitative determination of amino acids 
in the alpha- and beta- components. 

In order to determine the total radioactivity of 
the dinitrofiuoro-amino acids and of dinitrofluoro- 
glycine, 5 mg of the radioactive specimcn’s alpha- 
and beta-components of citrate-soluble procollagen 
were dried to constant weight and hydrolized with 0.5 
m1! of 6 N HCI at 105-11@C for a period of 24 hr. The 
hydrolizate was quantitatively tansferred to a test tube, 
alkalized (by 3 ml of 0.2 N NaOH and 250 mg NazCO;), 
and to it were added 5 mg of ainitrofluorobenzene (DNF) 
dissolved in 1 ml of ethanol. The test tube was placed 
for 2.5 hr in a thermostat at 38°C, As a preliminary step 
to the extraction frem the reaction mixture of the dini- 
trofluoro-amino acids, the excess of dinitrofluoroben- 
zene was then removed by ether; subsequently, the 
solution was acidified by the addition of 1,0-1.5 ml 
of 4 N HCI, and the dinitrofluoro-amino acids ex- 
tracted by ether. The ether was removed from the 
extract by distillation, and the dry residue of dinitro- 
fluorc-amino acids was dissolved in 0.5 ml acetone. 

A portion of this solution (0.1 ml) was wansferred to 
the targets, and the total radioactivity of ether-ex- 
tracted DNF-amino acids determined. An identical 
amount of DNF-amino acids was placed on the chroma- 
togram. Butanol, saturated with a 0.1% solution of 
ammonia served as the first solvent, the second being 
a 1.5 M phosphate buffer of pH 6.0. The DNF-glycine 
was eluted from the paper by a 1% solution of NaHCO, 
for a period of 15 min, at 60°C; subsequently, the bi- 
carbonate solution was acidified by 0.7-1.0 ml of 3N 
HCl, and the glycine then extracted by ether. The 
latter was removed by distillation, the dry residue 

of DNF-glycine dissolved in 0.5 ml acetone, and trans- 
ferred quantitatively onto the targets for the determi- 
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nation of radioactivity. The residual DNF-amino acids 
(histidine, arginine, and partly lysine), remaining in 
the aqueous solution after ether extraction, were ex- 
tracted by butanol, which was subsequently removed 

by evaporation, and the dry residue of DNF-amino- 
acids was also dissolved in acetone. Of this solution, 
0.1 m! was transferred onto the targets, and the total 
radioactivity of DNF-amino acids extracted by butanol 
was determined. 

RESULTS 

The incorporation of c'- slycine into the alpha- and 
beta- components of procollagen in animals of various 
age. 

In Fig.1 are reported the data on the rate of e- 
glycine incorporation into alpha- and beta- components 
of citrate-soluble procollagen of animals of various age, 
as related to thé time interval since the radioactive amino 
acid was administered. The obtaincd results indicate that 
the rate of c™- glycine incorporation into alpha- and beta- 
components of procollagenis in young animals higher 
than inold ones, Inturn, in old as well as in young ani- 
mals, the alpha-component has a higher radioactivity 
than ihe beta-coimponent of the citrate- soluble pro- 
collagen. It should be pointed out that the ratio of 
radioactivity levels in alpha- and beta- components 
does not remain constant for the duration of the experi- 
ment; it changes depending on the time labeled amino 
acid remains in the organism. If, during the first 
hours after the administration of C¥- glycine, the 
ratio of radioactivity magnitude of the alpha- and beta- 
components amounts to approximately 4:1, it shifts 
subsequently to 2:1. This shift in the ratio of radio- 
activity magnitude is mainly due to a rapid lowering 
of the radioactivity of the alpha~component, while 
the rate of c*-siycine incorporation into the beta - 
component, having reached its maximum within 24 


Fig. 1. The incorporation of C#- glycine 
into alpha~ and beta- components oi citrate- 
soluble procollagen in animals of various 
age, as related to the time elapsed since the 
introduction of radioactive amino acid 

Solid line: 1, alpha-component; 3, beta- 
component of young animals. Dotted line: 
2, alpha~component; 4, beta-component 

of old animals. 


hr after the administration, remains subsequently more 
or less constant. It should be pointed out that a maxi- 
mal radioactivity in the alpha- component is estab- 
lished approximately 6 hr after the administration 

of C4-glycine. ~ 


The effect of cortisone on the incorporation of dg -gly- 
cine into the alpha-and beta-components of procollagen. 


In Fig. 2 are represented the data on the effect 
of cortisone upon the incorporation of c¥-glycine 
into the alpha-and beta- components of citrate- 
soluble procollagen, as well as into the summary spe- 
cimen(Z) of the alpha- and beta- components, as re- 
lated to the amount of the administered hormone. 
The incorporation of c¥- glycine into the specimen 
under investigation is slowed down after the admin- 
istration of cortisone to the animals, and this inhibi- 
tory effect of the hormone is the more pronounced the 
larger the administered dose. After administering 
25 mg cortisone acetate to rats the rate of C*-gly- 
cine incorporation into the alpha- and beta- com- 
ponents is two times lower. A lesser inhibitory 
effect was observed by us after the administration to 
animals of 15 and 5 mg of cortisone acetate. It 
should be pointed out that the skin of animals 
receiving cortisone yielded much less procollagen 
soluble in acid citrate buffer, as compared with the 
contols. 


The amino acid composition of the alpha- and beta- 
components of procollagen. 


Table 1 represents data obtained during study of 
the amino acid composition of the alpha- and beta- 


Cortisone doses, mg 


Fig. 2. The effect of various doses of corti- 
sone on the incorporation of c*-glycine into 
citrate-soluble procollagen (2) and the alpha- 
and beta- components derived therefrom. 
Here, as well as in the following figures, alpha 
and beta represent the corresponding alpha- 
and beta- components; K is the control. 





TABLE 1 


The Amino Acid Composition of the Alpha- and Beta- Components of Citrate- Soluble 
Procollagen 


Number of amino- 


Molar portion 
P acid residues 


Optical density ofamino acids 


Amino acids 


Treonine 0,033 0,027 
Serine (90057 014 

henylalanine ttt 0.063 
Lysine ont O00 
Alanine O,347 0,357 


ee 


0,00 
a,ots 0,015 
0,007 oO,o10 
0,003 «OO 
O52 0,057 


1), (m14 


Aspartic and glutamic acids 0,446 
Leucine and isoleucine 0,274 
Glycine 4,473 
Oxyproline De 1.440 
Proline 2 18: 1,(2 


0,008 0,074 
0052 ju) 
1,216 236 
258 do he 
0,526 O,314 


components of the citrate-soluble procollagen. The 
dibasic amino acids, as well as leucine and isoleu- 
cine, were determined summarily in view of their 
poor separation on chromatograms. We did not 
analyze the amino acids which remained in the 
aqueous solution after the extraction by ether, since 
their summary radioactivity practically amounted 

to zero, and thus, they did not indicate a difference in 
the rate of C™- glycine inclusion into the alpha- and 
beta- components of the citrate-soluble procollagen, 

It can be seen from Table 1 that the amount oi 
amino acid residues in the alpha- and beta- compo- 
nents is the same, with the exception, perhaps, of oxy- 
proline, of which the alpha- component is richer, and 
of glycine, of which there is slightly more in the beta- 
component. It is quite possible that the difference in 
the contents of these amino acids in the specimens 
under investigation is due to technical errors, since 
Levy's method, which was used by us for the determina- 
tion of the amino acid composition, is not strictly quan- 
titative. One of its defects consists in obtaining too 
high values for proline and oxyproline [14]. However, 
a satisfactory matching of the optical density values 
for the DNF- amino acids in parallel experiments 
allows the assumption that errors of the method are of 
the same magnitude, where standard conditions are be- 
ing observed. 

Confirmation of the data on the various rates of 
cM. glycine incorporation into the alpha- and beta- 
components of citrate-soluble procollagen were con- 
firmed by investigation of the toiai radioactivity of 
amino acids, and of the radioactivity of glycine. The 
summary radioactivity cf the amino acids, the amount 
of which corresponded to 1 mg of the protein sample, 
amounted to 100 imp/ min for the alpha- , and 35 
imp/ min for the beta- component; the radioactivity 
of glycine of the alpha- and beta~ components amount- 
ed to 93 and 27 imp/ min, respectively (in all cases 
averages of several determinations were given). 


Since the values of the summa:, radioactivity of 
the amino acids and of that of glycine coincide, it 
was possible to assume that the radioactivity of the pro- 
tein samples of the alpha- and beta- components are 
mainly due to radioactive glycine. 

The investigation of procollagen isolated from the 
tissue by means of weakly alkaline and neuwal salt 
soJutions, 

During the investigation in the ultracenti- 
fuge of native specimen of alkali-soluble procollagen, 
we observed on the sedimentation diagrams one very 
interesting peak (Fig. 3, 1). The solutions of denatured 
alkali-soluble procollagen also showed the one peak 
sedimentation, which was, however, less sharp and 
broader at the base, as compared with the one obtained 
from native pro’ein (Fig. 3, 2). Since the sedimentatior 
coefficient of denatured alkali-soluble procoliagen 
proved to be about equal to the sedimentation coeffi- 
cient of the alpha- component of citrate-soluble pro- 
collagen, one could assume that ihe alkali-soluble 
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Fig. 3. The sedimentation dia- 
grams of various procollagens. 
1) native, alkali- soluble pro- 
collagen; 2) denatured alkali- 
soluble procollagen; 3) citrate- 
soluble denatured procollagen, 
treated with Na,HPO,, pH 9.0; 
4) denatured neutrally-soluble 
procollagen. The rotation rate, 
56,000 rpm;time, 180 min. 





procollagen, upon treatment with urea and heating, 
breaks into products analogous to the alpha~ compo- 
nent of citrate-soluble protein. We were able to iso- 
late, also only onc protein fraction analogous to the 
alpha- component of citrate-soluble procollagen, where 
the denatured specimen of alkaii-soluble protcin was 
being subjected to fractionation by salt. The absence 
of beta- component in the alkali-soluble procollagen 
can, however, be explained by the fact that in the pro- 
cess of isolation of this protein it is broken up into pro- 
ducts of alpha- component sedimentation rate. The 
data of Doty and associates [8] testify to the possibility 
of such a conversion, in an alkaline range, of a beta- 


component into an alpha- component. We have con- 
ducted special experiments in order to exclude such a 


possibility. 

In one experiment, a solution of ciuate-soluble 
procollagen was dialyzed for a period of 6 days against 
a saturated (at 4°C) solution of Na,HPO,, of pH 9.0; in 
another, a measured amount of citrate-soluble pro- 
collagen was immersed in a Naz HPO, solution of pH 
9.0, mixed, was placed under refrigeration for one 
night. In both instances, alpha- and beta- components 
were detected in the citrate soluble procollagen 
(Fig. 3, 3). 

In Fig. 4 are presented the results of experiments 
on the determination of the radioactivity magnitude of 
alpha- and beta- components of procollagens, isolated 
from tissue by various methods. To begin with, atten- 
tion is called to the very high radioactivity of the 
specimens of alkali-soluble procollagen, as compared 
with the specimens of citrate-soluble protein. In turn, 
the specimens of citrate-soluble procollagen also differ 
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Fig. 4. The radioactivity of procollagen 
and of the alpha- and beta- components de- 
rived therefrom. 1) alpha-componeant of 
alkali-soluble procollagen; I) alpha- and 
beta- components and the original speci - 
mens of citrate-soluble procollagen (2 - 
the summary specimen of alpha- and beta- 
components); III) alpha- and beta- com- 
ponents and the original specimens of 

the citrate-soluble procollagen (2) 
isolated from tissue after the removal 

of the alkali-soluble protcin. 


from each other in respect to their radioactivity. After 
alkali-soluble protein has been removed from the skin, 
the radioactivity of the specimens of citrate-solubie 
procollagen drops to approximately one-third of the 
original value (Fig. 4, III). It indicates that a meta- 
bolically active fraction of alkali-soluble protein is 
present in extracts of citrate-soluble procollagen from 
skin, which has not becn treated with phosphate. 


It is of importance to point out that the alpha- 
and beta- components of citrate-soluble procollagen, 
isolated from the skin after the alkali-soluble procolla- 
gen has been removed, are found to be in a ratio of 1:1. 
This phenomenon permits us to assume that the alpha- 
component represents a structural unit of the macro- 
molecule of the alkali-soluble, as well as of the citrate- 
soluble procollagen as such. However, it could have 
been possible to explain the presence of the alpha- 
component in the citrate-soluble procollagen, ovtained 
from the skin after its treatment with the Na,HPO, 
solution, also by an incomplete removal of the alkali- 
soluble protein in the process of extraction by phosphate. 
The setting up of additional experiments thus became 
necessary. 

It is known (15-16), that the alkali-soluble pro- 
collagen resembles closely in a number of properties 
the ncutral-soluble procollagen. Originally, neutral- 
soluble procollagen was isolated from rabbit skin by 
extraction with a phosphate solution of pH 7.0 (17). 
Later on, Gross [11] developed a new method for the 
isolation of this protein by means of 0.45 M NaCl. 
According to Gross, the 0.45 M NaCl, or pH 7.4 - 7.6, 
does extract from the tissue approximately three times 
more protein than the phosphate. Assuming the alkali- 
and neutral-soluble procollagens to be identical pro- 
teins, we felt justified in utilizing 0.45 M NaCl in- 
stead of the phosphate, for the complete removal of 
alkali-soluble procollagen, 

It can be seen from Table 2 that after the neutral- 
ly-soluble protein has been removed from the tissue, 
the alpha- and beta- components can be identified in 
everyonc ufthe 24-hour extracts of the citrate-soluble 
procollagen. Since the radioactivity values of the issu- 
ing specimens of citrate-soluble procollagen, which were 
obtained in this experiment (the summary specimen of 
the alpha~ and beta- components, 2 experim ) is 
approximately equal to the mean of the magnitude of 
the alpha- and beta- components (£,.4),). it is possi- 
ble to assume that the ratio, by weight, of the alpha- 
and beta~ components in the citrate-soluble procollagen 
remains equal to 1;1 for the six days of the duration of 
the experiment. 


Similar results were obtained in the investigation 
of citrate-soluble procollagen, isolated from skin which 
has not been treated with NaCl (Table 3). 

It is only necessary to point out that the specimens 
of the issuing precollagen (Zexperim), Which were ob- 





TABLE 2 


The Radioactivity (imp/ min/5mg protein) of Citrate-Soluble 
Frocollagen (2, ) and of the Alpha- and Beta- Compo- 


nents derived 


The extraction 0” procollagen from the tissue, pretreated for 
a period of 6 days with 0.45 M NaCl, was conducted by 
means of a solvent, which was changed daily. (2.34. 
represents the mean of the radioactivity values for the alpha- 


and beta- components) 
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tained in this expersment, and the alpha- and beta- 
components isolated, have a higher radioactivity than 

in the preceeding experiment. It is also of importance 
to note that as a result of the treatment of the tissue 
with the NaCl solution, a change takes place in the ra- 
tio of the radioactivity values for the alpha- and beta- 
components. The removal from the tissue of the neu- 
tral-soluble procollagen brings about a shift of the radio- 
activity values from 4:1 (Table 3) to an average of 2.5:1 
(Table 2). Thus, the data obtained in these experiments 
are also indicative of the fact that the alpha-component 
represents a structural unit of the macromolecule of pro- 
collagen, which can be extracted from the tissue only by 
means of acid buffer solutions. 

While investigating the denatured specimens of 
neutrally-soluble procollagen in an ultracentrifuge, we 
detected on the sedimentation diagrams two peaks, one 
of them insignificant (Fig. 3, 4). This indicates that 
while the neutral-soluble procollagen, unlike the alkali- 
soluble, actually consists of two components whose ratio 
by weight, evidentiy does not equal 1:1 as found in the 
citrate-soluble procollagen. In the fractionation pro- 
cess of denatured specimens of neutrally-soluble pro- 
collagen by means of ammonium sulphate, we succeeded 
in isolating only an insignificant amount of a protein 
fraction analogous to the beta- component of the ci- 
trate-soluble protein, and much more was isolated of 
a protein fraction analogous to the alpha- component of 
the citrate- and alkali- soluble procollagen. 

As can be seen from Fig. 5, the specimens of neu- 
tral-soluble procollagen have a very high radioactivity, 
the highest radioactivity being observed in specimens 
isolated from the tissue during the first three days after 
the animals were slaughtered. It is of importance to 
note that the alpha~ and beta- components of neutrally- 
soluble procollagen do not differ from each other in the 
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rate of C- glycine assimilation. Here it is necessary 
to emphasize once more that the amount of beta-com- 
ponent in the neutrally-soluble procollagen is insignifi- 
cant. 


DISCUSSION 

Our experimental results on animals of various age, 
as well as the ones receiving cortisone, confirm the 
known fact about the higher metabolic activity of procol- 
lagen in young animals [1%], and are in agreement with 
the data about the inhibitory effect of cortisone on the 
formation of collagen [19-21]. 

We have shown in our study on the rate of c*- ply- 
cine incorporation into the alpha- and beta- compo- 
nents of procollagen of young and old animals, in rela- 
tion to the time elapsed since the radioactive amino 
acid had been administered, that the ratio of the radio- 


Fig. 5. The radioactivity of neutrally-solu- 
ble procollagen (2) and of the alpha- and 
beta components derived. The extraction 
of the protein from tissue was conducted by 
means of a solvent, which was changed 
daily. 





TABLE 3 


The Radioactivity (imp/ mir 5mg protein) of Citrate-Soluble Procollagen (Zexp). 

and of the Alpha- and Beta~ Components Derived Therefrom 

The extraction of procollagen was conducted by means of a solvent, which was changed 
daily (Zajc represents the mean of the radioactivity values for the alpha- and beta 


components) 
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activity of the alpha- and beta- components during the 
entire span of the experiment does not remain constant. 
During the first hours following the C%- glycine ad- 
ministration, the ratio of radioactivity of the alpha- and 
beta- components amounts to approximately 431, turn- 
ing into 2:1 during the subsequent hours. This shift in 
the ratio of the radioactivity values of the alpha- and 
beta- components of citrate-soluble procollagen re 
mained a mystery tous. It scemed thai the radioacti- 
vity of the alpha- and beta- components of the pro- 
collagen molecule should have undergone equal changes 
during the course of the experimental span, and the ratio 
of their radioactivity values should have remained more 
or less constant. Such a metabolic “independence” of 
the alpha- and beta- components of procollagen, as 
well as the agreement of our data with those of other 
investigators [10,16], who studied the incorporation of 
radioactive amino acids into alkali-soluble, neutrally- 
soluble, or citrate-soluble procollagen, did not exclude 
the possibility that the alpha- component constitutes a 
denaturation product of the more active alkali-soluble 
or neutrally-soluble procollagen, the beta- component 
being a denaturation product of the more “inert® ci- 
trate-soluble procollagen. Such an assumption is 
supported by the fact that the citrate-solubie procolla- 
gen, obtained from animal skin which had not been pre~ 
viously treated with neutral or weakly alkaline salt 
solutions, represents, according to some authors [15], se- 
parate procollagen fractions which differ in their me- 
tabolic activity while being identical in their physico- 
chemical properties. 


All these theories relating to the nature of the 
alpha- and beta- components had to be verified experi- 
mentally on collagens, isolated from animal skin by 
means of neutral or weakly alkaline salt solutions. 
However, our experimental data on procollagens ob- 
tained from tissue by various methods did not confirm 
these assuinptions, since it became cvident that the 
alpha- component represents a structural unit of the 
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macromolecule of not only the alkali-soluble or neu- 
tral-soluble procollagen, but also of the macromolecule 
of collagen extracted from tissue by acid buffer solution. 

Wc have already indicated that procollagens, which 
differ in their metabolic activity, are at the same time 
very similar in their physicoche:nical properties [15, 
22-25), and they are all extractable from tissues which 
were not treated with neutral or weakly alkaline salt 
solutions or with citrate buffer. Ip such a solution, all 
procollagens appear as particles of 350,000 mol wt. of 
2300 A in length, and 14 A in width [7]. However, the 
difference in the macrostructure of these native part- 
iclesof neutal, alkali-, and citrate-soluble procollagens, 
identical as to size and molecular weight, becomes evi- 
dent after these proteins are treated with urea. Here, 
the citrate-soluble procollagen splits into two compo= 
nents with a molecular weight of 130,000 and 290,000 
(the alpha- and beta- components). One may assume, 
that the heavier beta- component of the citurate-soluble 
procollagen, which breaks up at a pH of 12.0 into pro- 
ducts with a sedimentation rate of the alpha- component 
[8], consists of two particles of the alpha- component 
which are bound to each other not only by hydrogen 
bonds, but also by some other alkali- labile bonds, 
possibly of ester nature, the presence of which in pro- 
collagen was demonstrated by Grassmann and co-work- 
ers [26], Konno and Altman [27], and Gallop and co- 
workers [28]. 

We were unable to detect any beta~component in the 
alkali-soluble procollagen. Following the treatment 
with urea, this protein splits into products, which are 
sedimented at the rate of the alpha-component of the 
citrate-soiuble procollagen. In neutrally-soluble pro- 
collagen the beta- component, while present, was found 
in quantities insignificant as compared with the alpha= 
component. 


Thus, if the alpha- and beta- components are to 
be considered as structural units of the proccllagen 
macromolecule, one can assume, on the basis of the 





obtained data, that in the process of biogenesis of the 
collagen fiber the structure of this macromolecule 
undergoes a change. In the early stages of fiber forma- 
tion the procollagen molecule consists only of alpha- 
components (alkali-soluble, and the most part of neu- 
tral-soluble procollagen). During subsequent stages 
there takes place a stabilization of the procollagen 
macromolecule structure at the expense of combining 
two particles of the alpha- components into a beta- 
component (the small part of the neutral- soluble and 
citrate-soluble procollagen). It is quite possible that in 
the latest stages of fiber biogenesis there takes place a 
further change in the structure of collagen-like proteins, 
leading to the disappearance in them of the lighter 
alpha-component. 

Our results relating to the radioactivity of the alpha- 
and beta- components of neutrally-scluble procollagen 
seem, at first glance, to contradict the data obtained in 
the study of citrate-soluble protein. It was shown that 
the alpha- and beta- components of neutral-soluble pro- 
collagen do not differ from each other in respect to the 
rate of CM - glycine incorporation. By taking these 
results in consideration, it seems possible to explain the 
difference in the radioactivity of the alpha- and beta- 
components of citrate-soluble procollagen in the follow- 
ing manner: It was already pointed out that neutral-solu- 
ble procollagen contains a much larger amount of the 
alpha- component than of the beta- component, and that 
from a tissue untreated with neutrai salt solutions, this 
protein is extracted by acid citrate buffer together with a 
large amount of procollagen, the radioactivity of which 
is comparatively small, and in which the amount of 
alpha- and beta- components is approximately equal. 

Thus, there takes place during the extraction by 
acid citrate buffer, a dilution of highly radioactive 
alpha- and beta- components of the neutral-soluble 
procollagen by low radioactive alpha- and beta- com- 
ponents of the citrate- soluble protein. Since the tissue 
contains much more of the highly radioactive alpha- 
component than of the highly radioactive beta- compo- 
nent, the former would thus become less diluted when 
extracted with acid citrate buffer, and would exhibit a 
correspondingly higher radioactivity, as compared with 
the beta- component, which was actually the case. 


SUMMARY 

The incorporation of c™-siycine into alpha- and 
beta- components of citrate-soluble procollagen of 
animals of various age, as well as those treated with 
cortisone, was studied. It was demonstrated that meta- 
bolically, the alpha- component is from 3 to 4 times 
more active than the beta- component of the citrate 
soluble procollagen. In turn, the rate of C¥- glycine 
incorporation into alpha- and beta- components of ci- 


trate- soluble procollagen of young animals is higher 
than in old ones. 


Cortisone exerted an inhibiting effect on the syn- 
thesis of procol!agen, and the incorporation of co. gly- 
¢ine into the specimen, under specific experimental 
conditions, is lowered by cortisone two-fold. 

The amino acid composition of the alpha- and 
beta- components of procollagen was studied by means 
of the dinitrofluorobenzene method. The amino acid 
composition of the alpha- and beta- components is 
identical; this indicates that the different speed of C*- 
glycine incorporation into the alpha- and beta- compo- 
nents of citrate-soluble procollagen is not due to a 
variance in amino acid contents in the specimens under 
study. 

An investigation of native and denatured specimens 
of alkali-soluble and neutral-soluble procollagens was 
conducted. There was found in the denatured specimens 
of alkali-soluble procollagen, unlike that of the citrate- 
soluble, only one protein fraction, analogous to the al- 
pha- component of citrate-soluble protein. In dena- 
tured specimens of neutrally-soluble procollagen there 
were found two components, the amount of protein frac- 
tion analogous to the alpha- component being in this 
protein miuch larger than of the fraction analogous to 
the beta- component of citrate-soluble procollagen. 
The alpha- and beta- components of the neutrally- 
soluble procollagen did not differ in the rate of C*- 
glycine inclusion. 

The citrate-soluble procollagen, isolated from 
tissue, following the removal of alkali- and neuirally- 
soluble protein, contains alpha- and beta- components 
in a 1;1 ratio (by weight). 
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To the number of important radiobiological effects 
are delegated changes concerning the content and me- 
tabolism of tissue with DNA [1-6]. They express them- 
selves, first of all, in a decrease of DNA in organs and 
tissues of the irradiated organism and in depression of 
its synthesis. The question concerning the mechanism 
of these changes is not fully solved. A necessary step 
in the clarification of this problem should be a detailed 
investigation of the properties of deoxyribonucleopro- 
tein DNP and its reaction toward irradiation, for it is 
this protcin comptex that is the main form in which 
DNA exists in the organism. 

In vitro investigations have shown that ionizing 
radiation produces physiochemical changes in the DNP 
molecule. Kuzin and Budilova [7] have observed, at 
the dosage of 100-400 r, deseggregation of deoxyribo- 
nucleoprotein threads suspended in water. Cole and 
Ellis [*] have treated irradiated (850 r) DNP with tryp- 
sin and have observed acceleration in its digestion, 
which attested to the weakening of the bond between 
DNA and the protein. Subsequently, by determining 
the quantity of free and bound DNA in mcuse spleen, 
they have observed that irradiation has resvIted in free- 
ing DNA from the protein complex [9]. 

Starting from the above presentations, the present 
avthors have found it interesting and important to de- 
termine the quantity of free and bound DNA in differ- 
ent radiation-sensitive tissues. Discovery of a differ- 
ence in nucleoproteins of these tissues, with respect to 
irradiation, would permit, to a certain degree, judge- 
ment of the interrelation of tissue radiosensitivity with 
the stability of the DNA-protein complex. The present 
work is dedicated to the study of this question. 


METHODS 

Rabbits weighing 2.5 to 4 kg were utilized in these 
experiments. The animals were subjected to a single 
total irradiation from a cobalt source with a dose of 
1000 r at 12 r/min, then the animals were killed by 
air embolism within 10 min, 4,8,12, and 24 hrs after 
irradiation; 4-5 animals were killed for each time in- 
terval. 

The content of free deoxypolynucleotides, and al- 
so of protein- bound DNA were determined in the 


lymphoid tissue of the appendix, spleen, bone marrow, 
small intestinal mucosa, liver, and blood. Tissue ana 
lysis was conducted by the method developed by Cole 
and Ellis for the spleen [9]. For separation of the *free® 
deoxypolynucleotide from the deoxyribonucleoprotein 
complex, there was utilized the property of the former 
in that it dissolves in 1/15 M phosphate buffer, at pH 
7.2, and in 0.14 M NaCl. From the otsained solution, 
DNA was precipitated with perchloric acid (final con- 
centration 27);from the precipitate, DNA was once 
again extracted with hot 2% perchloric acid, and free 
deoxypolynucleotides were determined by the diphenyl- 
amine reaction [10]. In the tissue remnant, protein- 
bound DNA was determined by an analogous method. 
For the purposes of identifying DNA in the perchloric 
extracts, aside from the color reaction with diphenyl- 
amine, measurement of absorption spectra in the ultra- 
violet region was conducted. 

The obtained data were treated statistically and 
the significance of differences was determined at p< 
<0.05. 


RESULTS OF INVESTIGATION 

In the table and figure are presented the results 
of dcterminations of free and protein-bound DNA in 
tissues of control and irradiated rabbits, expressed as 
average arithmetic values and the mean error of DNA 
concentration. For the spleen, in the figure, the DNA 
content of the whole organ is shown, as the weight 
of this organ changes after irradiation [11]. 

From the data, it can be seen that the concentra- 
tion of protein-bound DNA in tissues of control animals 
varied within wide limits from 0.3 mg/g in blood to 
12.1 mg/g in the appendix. The obtained values are in 
general somewhat higher than the ones in the literature 
{6,12}. It is possible that this is related to the fact that 
the diphenylamine reaction, which was utilized in this 
study, gives somewhat higher results in comparison to 
the phosphorus determinations, the method used by the 
majority cf the literature data [12]. The highest con- 
tent of DNP was established in metabolically active 
tissues (lymphoid tissue of the appendix, spleen, bone 
marrow, intestinal mucosa). Concentrations of free 
deoxypolynucleotides were as a rule considerably low- 





Concentration of Free Deoxypolynuckcotides and Protein-bound DNA in Tissues 
of Control and Irradiated Rabbits in mg DNA/g wet tissue 


Time after irradiation, hours 


Tissue Control | 10 min | 
4 8 12 24 


Bound DNA 


Appendix 12,000 | 12,640) B57) 9,600; 7,420 7,050 

40,711 $0,665 $4,344) 40,710) 40,245 | 40,370 

Spleen 11,20 | 12,440 8,280) 6,400 6,090 | ~ 7,260 

40,496 | 40,349 | 40,589 | 40,311 | 40,555 | 40,592 

Bone marrow 6,720 | 6,080 4,080} 3,440 2,830 2,660 
{ 


$0,394 | 40,418 | 140,296 | 40,494 
7,759 7,120 5 6,920! ~ 6,510 
40,662 40,510 | 40,797 | 4-0,8: 40,173 | 40,082 
Liver 2,930 2,580 2,680; 2,3: 2,340 | 2,820 
40,451 | 40,311 | 40,675 ! -+0, + 0,084 | +0,255 
Blood 0,349 (9,272 0,233 , 0,270 0,227 
40,071 | 40,046) +0,035 , - + 0,033 


+ 0,483 
Intestinal mucosa 7.170 


Free 


Appendix 0,656 0,956 3,072 2,% 2,211 1,050 
40,057 | -+0,093 | 40,360 | 40,345 | 40,140 | 40,163 
Spleen 0,766 0,933 | ~ 1,272 0,884 0,727 1,282 
40,130 $0,088 | -+0,095 | -#0,089 | 40,101 | 40,233 
Bone marrow ~ 0,439 0,430 0,795 0,€68 0,444 0,739 
4+-0,050 +0,049 | 40,116 | $0,141 | 40,117 | +0,183 
Intestinal mucosa 0,424 0,421 1 0,739 0,574 0,383 0,618 
+0,092 | 40,086 | 4-0,066 | +0,067 | 40,043 | 40,075 
Liver 0,633 | 0,649) 0,616 0,596 0,606 1,104 
+0,058 | 40,035 | 40,063 | 46,093 | 40,075 | 40,163 
Blood 0,317 0,334 | ~ 0,332 0,325 0,257 0,321 
40,037 +0, | 40,044 | 40,029 | +0,042 | 40,032 


mg/ organ 


Intestinal 
mucosa 


5 2 8 & 24 


Concentration of free and bound DNA in a rabbit tissues during different inter- 
vals after irradiation (1000r). Time in hours. Upper curves - DNP concentration, 
lower - concentration of soluble polynucleotides. 
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er ~ from 0.3 to 0.8 mg/g. Free deoxypolynucleo- 
tides in metabolically active tissues comprised 5-6% 
of the total DNA, for the liver - 17.#%, for blood - 
47.7%. It should be indicated that the free DNA of 

the spleen in the present case was higher than the one 
reported by Cole and Ellis for mouse spleen (about 1%). 

Irradiation of rabbits produced a decrease in protein- 
bound DNA in the metabolically active tissucs. The 
most intense drop occurred during the first four hours; 
the minimal DNA Icvel was ®-12 hr after irradiation 
and comprised, in terms of the starting level, for the 
bone marrow - 407), spleen - 557, appendix - 60%, 
intestinal mucosa - 50%. In 24 hr in the spleen and 
small intestinal mucosa there was noted a small increase 
in the bound DNA level; in the mucosa this approached 
the starting level. In the appendix and bone marrow, 
such an increase was not observed. In the liver and 
blood, Quantitative changes in protein-bound DNA were 
sinall and statistically insignificant. 

Concenuation of soluble deoxypolynucleotides 
(free DNA) in the appendix, spleen, small intestinal mu- 
cosa, and bone marrow of irradiated rabbits increased, 
reaching a maximum in four hours after irradiation. In 
the appendix, the level of deoxypolynucicotides in- 
creased almost five-fold, in the remaining tissues - 1.5 
- 2 fold. At slightly later intervals, the content of free 
DNA was somewhat decreased; whereupon in the appen- 
dix it was higher than initially, in the spleen, mucosa 
and bone inarrow it approached initial values. A slight 
increase toward the end of the first day was statistically 
insignificant. The course of the curve for the contents 
of free and bound DNA in the whole spleen was analog- 
ous to the DISA concentration curve in this organ. In 
the liver, the concentration of free deoxypolynucleo- 
tides during the beginning hours remained unchanged; 
toward the 24th hour it increased by 7%. The blood 
level of free DNA was stable during all observation 
periods. 

In conclusion, it should be noted that as the result 
of irradiation, the proportion of free deoxypolynucleo- 
tides, with respect to total DNA, was increased in the 
radiosensitive tissues. For example, if in the appendix 
of control animals free DNA comprised 5.1% of the total, 
then in 10 min after irradiation it was 7.1%; in 4 hr, 
26.4%; in & hr, 23.87%; in 12 hr, 22.9%; in 24 hr 13.0%, 


DISCUSSION 

Accumulation of soluble deoxypolynucleotides 
observed in animal tissues following the action of ion- 
izing radiation could take place at the expense of the 
decomposition of the protein- DNA complex. One of 
the causes of the increase in deoxypolynucleotide 
decomposition could be the changes in its molecule 
arising during irradiation. 

In analyzing the question concerning the meaning 
of changes in the physiochemical state of nucleopro- 
teins under the influence of radiation, Kuzin [13], on 


the basis of Russian and foreign literature data, has con- 
cluded that these changes serve as an important initial 
step in cellular radiation injury. Cole and Ellis, as the 
result of their investigation, have come to the conchr 
sion that irradiation produced latent physiochemical 
disturbances in the DNP molecule, the essence of which 
consisted of labilizing the DNA - protein bond [8]. 
Intracellular enzymes, by attacking the labile protein 
complex, cleave away soluble polynucleotides, which 
expressed itself in a concurrent decrease of protein- 
bound DNA and an increase in free DNA. At this time, it 
would be difficult to anticipate a pronounced effect 

if the action was to take place only inside the nucleus, 
for the deoxyribonuclease activity in it is very weak 
[14]. However, if one is to assume that following irra- 
diation, deoxyribonucleoprotein exits from the nucleus 
and enters into reaction with the highly active cytoplas- 
mic ribonuclease [14], then the intensified decomposi - 
tion of DNF is explainable. The reality of such a pro- 
position is strengthened hy the data of King and Paul- 
son [15], who have reported that ascitic cells from 
Ehrlich*stumor lose cytoplasmic protein and nuclear 
protein and DNA immediately after irradiation. On 
the other hand, there are data concerning the increase 
in deoxyribonuck ase and catheptinase activities follow- 
ing irradiation [16-19], which would lead to an even 
more intense DNP cleavage. 

Theoretically, it could be supposed that free poly- 
nucleotides, by being intermediary products of DNP 
metabolism, could accumulate in the cells not only as 
a result of decomposition of the protein complex, but 
also as the result of retardation in its synthesis. How- 
ever this mechanism, in the opinion of the present 
authors, plays a smaller role in the process being 
studied. 

The discussed mechanisms of decrease in bound 
DNA and of accumulation in free polynucleotides were 
concerned evidently with uninjured cells. Cellular 
destruction is naturally accompanied by total expul- 
sion of DNP into extracellular fluid; with this, its na- 
tive properties are lost, and susceptibility toward enzy- 
matic cleavage increases even more [20]. 

In the present investigation maximal concentrations 
of free DNA were ottained in four hours after irradiation, 
at the time that the quantity of DNP decreased sharply. 
Thereafter, the level of soluble polynucleotides fell, 
which was evidemly accomplished by their further 
destruction into smaller fragments - nucleotides, nu- 
cleosides, nitogenous compounds. Analysis of the 
final products of nucleic acid cleavage, conducted in 
the same tissues, has shown the correctness of such an 
explanation [21]. 

Attention is called to the condition that in blood 


there was not observed an increase in the concentration 
of soluble deoxypolynucleotides , similarly as before, 
there was not established an increase in the smaller 
by-products ef DNA cleavage [21]. These facts necessi- 
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In 1955 Beloff-Chain, Chain et al. [1], using paper 
chromatography, found in muscle extracts olige saccha- 
rides corresponding in position on the chromatograms tc 
maltose, maltotriose, and maltotetrose, Subsequently 
Fishman and Sie [2] extracted the same oligosaccharides 
from liver and identified them as compounds consisting 
of glucopyranose residues joined by a-1,4-linkages. In 
1955 Giri et al. [3] demonstrated the in vitro synthesis 
at pH 5.0 of oligosaccharides from maltose by enzyme 
preparations from liver and brain. As their studies 
showed, only compounds with a-1,4-linkages were syn- 
thesized under these conditions. These observations 
were confirmed by the studies of Stetten [4], Until 
recently the synthesis of oligosaccharidcs with other 
types of linkages by animal tissues has not been demo1- 
strated. 

The formation from maltose of oligosaccharides 
with various types of linkage has been described for 
sogenum {7}, Escherichia coli [8], and the marine alga 
Cladophora rupestris [9]. 

This communication describes the results of experi- 
ments on the synthesis from maltose of oligosacchari- 
des with a-1,6-and a-1,3-linkages by enzyme prepara- 
tions from liver and muscle, Data on the isolation and 
identification of these oligosaccharides are also present- 
ed. Preliminary results have been reported elsewhere [10]. 

METHODS 

The substrate employed was chromatographically 
pure maltose. A standard preparation of isomaltose was 
obtained from intradex according to the method of Ba- 
con and Bacon [11}. 

Reducing capacity of sugars was determined by the 
method of Hagedorn and Jensen. Sugars were analyzed 
by descending paper chromatography, using Whatman 
No. 1 and Schleicher and Shull No. 2043 paper. Two 
solvent systems were used — acetone — butanol — water 
(70:20:10) and n-butanol— acetic acid water (40:10:50). 
The papers were sprayed with aniline hydrophthalate and 
an alkaline solution of triphenyltetrazolium chloride [12]. 





The preparative extraction of sugars from the incu- 
bation mixture was carried out by chromatography on a 
charcoal-celite column, Charcoal KAD medium (small- 
er than 20 mesh) was mixea with an equal ammount of No. 
545 or 535 celite. The mixture was thoroughly washed 
several times with boiling distilled water, then 50% 
alcohc] (200-300 ml), and again with distilled water to 
remove the alcohol. It was then stirred into a small 
amount of water and transferred to a column with a po- 
rous plate at the bottom and a stopcock below the plate. 
Ordinarily the column was 2-2,.5 cm in diameter and 
25-30 cm high. Before packing of the column, a thin 
layer of well sterilized cotton batting was placed on the 
bottom plate. The packed column was thoroughly 
washed with 1.5-2 liters of distilled wzter. With a 
column prepared in this manner from 10 g of charcoal 
and 10 g of celite, it was possible to get good separation 
into its componert fractions of 1 g of adsorbed sugars. 
The column was eluted by the method of Whistler and 
Durso [12]. Adsorbed glucose could be eluted complete- 
ly with 700-1000 ml of distilled water (Table 1). 

Maltose was then completely eluted by passage 
through the column of 3-9 ethyl alcohol (Table 1). 
Alcchol of higher concentrations eluted oligosaccharides 
of higher molecular weight. The isolation of sugars 
from an incubation mixture by chromatography on a 
charcoal -<*lite column was carried out as follows, After 
incubation of maltose with an enzyme preparation the 
reaction mixture was heated on a boiling water bath, the 
protein precipitate removed, and the remaining solution, 
which contained 800-1000 mg of sugars, was passed 
through a column. The sugars were completely adsorbed. 
Glucose was eluted with 1 liter of distilled water. 

As analysis by paper chromatography showed, only 
glucose is present in the water eluate, disaccharides and 
the higher oligosaccharides being absent. These latter 
were eluted with 100 ml 50% alcohol after removal of 
the glucose. The alcohol eluate was dried and the oli- 
gosaccharides present were separated by further paper 
chromatography. Strips corresponding to the various 
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TABLE i. 


Adsorption and Elution of Glucose and Maltose from a Charcoal-Celite 
Colunin (prepared with a mixture of 5y of activated charcoal and5 g of 


No. 545 celite) 


Amt. of, 
sar |SUsar ad- 
Sugar sothed “ Elnate 
mpg o hu 
cose 


Glucose H,0 


Ma Itose 11,0 
34% alcohol 
The same 
J . 


Sf alcohol 
1e same 
10% alcohol 
40% alcohol 
The same 


| Vol. of Amt, of sugar 

successive | eluted inmg 
| Portions of | glucose 
cluate, ml 


36 
55 
50 
400 
100 
300 
200 
700 
100 
110 
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400 
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200 
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350 
50 
| 100 
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* Tri- and higher saccharides present as impurities in the maltose 
preparations were eluted with 40% alcohol. 


sugars were cut out from the chromatogram and ex- 
tracted with 50% alcohol. The alcoholic extracts were 
filtered and dried in a vacuum desiccator. The sugars 
obtained were found to be pure by paper chromatographic 
analysis. After elution of adsorbed sugars, the columns 
weisz thoroughly washed with 200-400 ml 507 alcohol 
and 2 liters of water, after which they were reused for 
separation of sugars. 

Enzyme preparations were obtained from liver and 
muscle of freshly killed rabbits which had been starved 
for a day and a half. The tissues were minced and ex- 
tracted with two volumes of distilled water for 20-30 
minutes and then centrifuged. The precipitate was 
discarded, and a protein fraction was obtained from 
the supernatant with 0.3-0.5 saturated (NI\),SO, which 
was then diaiyzed in cellophane tubes, first against 
running water, then against distilled water. After one 
or two reprecipitations with 0.3-0.5 saturated (NHy}SO,, 
the protein fraction was dialyzed to complete disappear- 
ance of (NHg)SO, (according to the Nessler reaction ) 
and used as the original enzyme preparation. Enzyme 
preparations from liver were obtained mainly by frac- 
tionation of aqueous extracts of acetone powders with 
(NHg)SOQ,. By extraction and two- or three-fold preci- 
pitation with (NHy),SQ,, 5-7 ml of an enzyme prepara- 
tion of high activity was obtained from 10 g of acetone 
powder. Experiments were performed with heated and 
unheated preparations, heating being carried out at pH 
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4.8 and 55° for 30 minutes. The proteins precipitated 
by heating were discarded, and the remaining solution 
used in measurements of enzyme activity. 


As Table 2 shows, degradation of maltose by un- 
heated preparations occurred at both pH 4.8 and pH 6.8. 
After being heated at pH 4.8 and 55°, the enzyme pre- 
paration had lost its ability to decompose maltose at pH 
6.8, but was still able to do so at pH 4.8 (Table 2). 
Data on the decomposition of maltose by preparations 
obtained by Giri's method of precipitating proteins 
with 50-80% alcohol [3] are presented for comparison. 
Such preparations were active only at pH 4.8-5.0. 


Prolonged storage of an unheated preparation at 
0” and pH 7.0 led to a gradual decline in the ability 
of the preparation to split maltose at pH 4.8, while the 
activity at pH 6.8-7.0 remained unchanged. Data on 
the chromatographic analysis of the splitting of maltose 
by a heated preparation (A) and a preparation kept at 
pH 7.0 and 0° for a month anda half(B)are presented in 
Fig. 1. The heated preparation decomposed maltose 
at pH 4.8,was almost completely inactive at pH 7.0 
(Fig. 1A), while the preparation stored at 0° decom~ 
posed maltose at pH 7.0 but showed little or no activity 
at pH 4.8 (Fig. 1B). 


The results presented in Table 2 and Fig. 1 show 
that there are two separate enzyme systems which split 
maltose in muscle and liver. One, active at pH 4.8-5.0 





TABLE 2, 


The Effect of Heating on Maltose Decomposition by Enzyme Preparations from Liver 


and Muscle at Various pH"s 


Organ Exptl, conditions 


Muscles | Without preliminary heat- 
ing 

Heated at 55° and pH 4,8 
for 30 minutes 

Without preliminary heat- 
ing 

Heated at® 55° and pH 4,8 
for 30 minutes 


Alcohol fraction, 50- 80% 
alcohol(without heating) 


! Increase in reduc- 
ing substances after 
incubation, in mg 
glucose per ml 


cducing suh- 
stances,“in m 
glucose per n 
Substrate] pe fore | after 3 
incuba- hours 
tion | 


0,340 0,438 
0,486 
0,420 
0,346 


0,247 


0,008 
0,144 
0,006 
0,002 


0,064 
1,205 
0,950 


1,035 
0,830 


0,280 
0,025 
0,300 
U, 005 


e after heating and removal of coagulated protein, the enzyme preparation was con- 
centrated by reprecipitation with (NHg)SO,. 


is resistant to heating at pH 4.8 and 55° and loses acti- 
vity with storage at pH 7,0. The other, active at pH | 
6.8-7.0, is thermolabile and resistant to storage at pH 
7.¢, 

In order to elucidate the characteristics of the 
enzymatic conversion of maltose at pH 4.8 and at pH 
6.8-7.0, the products were studied in detail by paper 
chromatography. 

RESULTS 
Enzymatic conversions of maltose at pH 4.8 

It was shown that during the decomposition of mal- 
tose (concentration 30-60 mg/ml) by heated enzyme 
preparations from liver with the formation of considera- 
ble amounts of glucose there was also synthesis of a 
uisaccharide with a-1,4-linkages, maltotriose. With 
longer incubation periods, the formation of a tetrasac- 
charide was observed [10]. 

As the studies of Giri et al. [3] and Stetten [4] 
have shown, oligosaccharides with a-1,4-linkages only 
are synthesized from maltose at 4.8-5.0 by liver pre- 
parations. 

Heated preparations from muscle, when incubated 
with maltose (concentration 8-12 mg/ml) yielded pro- 
ducts which when chromatographed proved to be glu- 
cose and maltotriose. Thus, we observed the synthesis 
of oligosaccharides from maltose in muscle similar to 
that described by Giri for liver. 


Enzymatic conversions of maltose at pH 6.8-7.0 
Completely different results were obtained when 
an unheated enzyme preparation was incubated with 
maltose at pH 6.8-7.0. As shown by paper chromato- 
graphy, the splitting of maltose to glucose was accom= 
panied by synthesis of a whole series of new compounds. 
One of these compounds corresponded in position and 
color on the chromatogram to a disaccharide with an 


a-1,6-linkage, isomaltose (Fig. 2). This compound 

was isolated from the reaction mixture by adsorption 
on a charcoal-celite column and further purified by 
paper chromatography. 

After complete acid hydrolysis and paper chroma- 
tography of the products, only glucose was found. 
Determination of the reducing activity of this gluco- 
side before and aftcr hydrolysis showed that it was a 
disaccharide. This disaccharide proved to be more 
difficult to hydrolyze thap maltose, indicating the pres- 
ence of an a-1,6-linkage. The specific rotation of the 
compound was [a}"D = + 128° (with 1.0 H,O) (specific 
rotation reported for isomaltose, [a}*D = + 122° [14]). 
Behavior of the compound when chromatographed on 
paper in two different solvent systems showed it to be 
isomaltose. 

The infrared spectrum of the isolated disaccharide* 
was identical with that of a standard isomaltose prepara- 
tion (Fig. 3) and also with that reported in the litera- 
ture [15]. 

During the decomposition of maltose at pH 6.8-7.0 
by unheated enzyn.c preparations, three compounds be- 
sides isomaltose were synthesized which corresponded 
to wisaccharides in their migration on chromatograms 
(Fig. 2, 20-hour incubation). With longer incubation 
periods, the two more rapidly moving spots dis- 
appearcd (Fig. 2, 40-hour incubation); the third trisac- 
charide (Fig. 2, 40-hour incubation) was isolated from 
the reaction mixture by adsorption on a charcoal-ce- 


* Infrared absorption spectra of the standard preparation 
and that synthesized enzymatically were taken by N. D. 
Kostrova on an IKS-11 in the Division of Physical 
Chemistry of Polymers, Institute of Chemical Physics, 
USSR Academy of Sciences, Moscow. 
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lite column and further purfied by paper chromato- 
graphy. When subjected to complete acid hydrolysis, 
yielded only glucose, as shown by paper chromato- 
graphy. Determination of the reducing capacity be- 
fore and after hydrolysis showed it to be a trisaccha- 
ride. With partial acid hydrolysis and chromatographic 
separation of the products, in addition to glucose and 
unhydrolyzed trisaccharide two disaccharides were 
observed, maltose and isomaltose. Formation of these 
two compouncs during partial hydrolysis of the wisae~ 
charide indicated that the latter possesses an a-1,4- 
and an a-1,6-linkage, and that it is therefore panose. 
The position of the trisaccharide on chromatograms 
was intermediate between that of maltotriose (trisac- 
charide with two a-1,4-linkages) and isomaltotriose 
(uisaccharide with two a-1,6-linkages) and corres- 
ponded to that of panose obtained by partial acid 
hydrolysis of glycogen ("ig. 4). The specific rotation, 
of the isolated trisaccharide [a }°D, was + 158° (with 
1.0, HzO) (for panose, [@]®D, was + 150°[14}). Of the 
two other compounds, which corresponded to trisac- 
charides on the chromatograms (Fig. 2, 20-hour 
incubation), the more rapidly moving corresponded to 
a trisaccharide with an a-1,3-linkage. The second 
compound corresponded, evidently, to maltotriose. 

In addition to the compounds mentioned, still 
another was observed which moved more rapidly than 
maltose (Fig. 2) and which differed from both mal- 
tose and isomaltose in the color produced after spray- 
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ing with aniline phthalate. This compound was iso- 
lated from the reaction mixture and subjected to acid 
hydrolysis. Analysis of the products of such hydroly- 
sis revealed only glucose. Determination of the re- 
ducing capacity before and after hydrolysis showed 
the —- to be a disaccharide. Its specific 
rotation [a]’® p+ Was found to be + 120° (with 0.2,H,O). 

When ucated with an alkaline solution of tri- 
phenyltetrazolium chloride, it developed the charac= 
teristic red color, This reaction is characteristic of all 
reducing saccharides with the exception of those with 
an &-1.2-linkage [16]. Thus, the disaccharide in ques- 
tion differed from maltose and isomaltose in the rate 
of migration on chromatograms; it was not a disac- 
charide with an @-1,2-linkage. since it gave a positive 
reaction with triphenyltetrazolium chloride; it could 
not be a disaccharide with an @-1.}linkage. since it 
possessed reducing capacity, and finally. the specific 
rotation excluded the possibility that 8-linkages were 
involved. The compound is therefore a disaccharide 
made up of two glucose residues with an & -1,3-linkage, 
i.e., it is nigerose. 

In Table 3 are presented Ry values obtained by us 
for nigerose, maltose, and isomaltose in an acetone- 
butanol water system and alsoR; values reported 
for these compounds in a pyridine — butanol - water 
(4:6:3) system [17]. The rates of migration of these 
compounds relative tu each other are about the same 
for the two solvent systems. 


Fig. 1. Decomposition of maltose by enzyme preparations from muscle. A) enzyme 
preparation from muscle heated at pH 4.8, 55°, for 30 minutes. B) Enzyme prepara- 
tion from muscle kept one and a half months at pH 7.0 and 0°; 1) 10 mg maltose 

+ 1 ml enzyme, pH 4.8; 2) 10 mg maltose + 1 ml enzyme, pH 7.0; 3) control 
(enzyme without substrate). I) Incubation 0 hours; 11) 3 hours. Standards: a) glucose; 


b) maltose. 





Rf Values of Isomaltose, Maltose, and Nigerose in Two Different Solvent 


Systems 


: j elative rate 
a Linkage Ry Pimgatn Solvent syne 


Experimental data 
6 | 0,36 

0,43 
| 0,57 


Isoma ltose | -{, 
Nigerose | -1,3 
Published data 


Isoma htose 
Ma ltose 


0,52 
(1.0% 
0,89 


In summary, the main products synthesized from 
maltose at 6.8-7.0 by unheated liver and muscle en- 
zyme preparations are oligosaccharides with a-1,€< 
linkages, isomaltose and panose, and a disaccharide 
with an a-1,3-linkage, nigerose. In addition, certain 
other compounds are synthesized among which are 
higher oligosaccharides (Fig. 2, 20 hours incubation), 
the suructure of which we have not yet studied. 

An idea of the relative amounts of the various 
products which are formed may be gained from the 
following data. From the incubation mixture there 
were isolated and purified: 60 mg isomaltose, 40 mg 
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Fig. 2, Synthesis of oligosaccharides from maltose at 

pH 6.8 by an enzyme preparation from liver, 1) 60 mg 
maltose + 1 ml enzyme; 2) control (enzyme without 
substrate), I) Incubation 0 hours; I) 20 hours; IIT) 40 
hours, Standards: a) maltose; b) isomaltose; c) malto- 
triose, 


water 


Acetone—butanol— 
| (e327) 


1,00 
1,3 
1,°A 


re 


water 


Pyridine—butanol— 
k 76:3) 


panose, and 10 mg nigerose (liver enzyme)-49 mg 
isomaltose, 22 mg panose, and & mg nigerose (muscle 
enzyme). 

These figures show that under these conditions 
synthesis is predominantly in the direction of oligo- 
saccharides with a-1,6-linkages. It should be pointed 
out that enzyme preparations which synthesized oli- 
gosaccharides with a-1,6-linkages from maltose were 
able to split these compounds. Enzyme preparations 
heated at pH 4.8 and 55°, which lacked the capacity 
to synthesize oligosaccharides with a-1,6-linkages, 
did not split isomaltose [18]. 

Our studies have shown, therefore, that inthe ani- 
ma! organism not only oligosaccharides with a-1,4- 
linkages, but also those with a-1,6-and a-1,3-lin- 
xages are synthesized, as has been observed for cer- 
tain bacteria and lower plants. 

Synthesis of oligosaccharides from maltose in- 
volves transfer of a glucosyl residue from maltose to 
the corresponding acceptors. Participation in this 
reaction of phosphoms and uridine or other nucleo- 
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Fig. 3. Infrarec spectra of isomaltose. 
1) Isomaltose synthesized enzymatically; 
2) standard isomaltose preparation ob- 
tained from intradex. 





tides and their derivatives may be ruled out in view 
of the fact that our preparations were subjected to 
repeated and prolonged dialyses. Recently it has been 
reported that riboflavin is involved in transglucosida- 
tion reactions. 

Whitby [19, 20], and Tashibana, Katagiri et al. [21] 
have demonstrated the enzymatic wansfer of glucosyl 
residues from maltose and other compounds to riboflavin 
(maltose + By —» B, ~ glucoside + glucose) with the for- 
mation of riboflavinyl glucoside. Katagiri suggests that 
riboflavin is firmly bound (is not removed during dialysis) 
to enzymes mediating the transfer of glucosyl residues 
and that it is the active site. 

It appears to us, however, that there is not yet 
sufficiently direct experimental evidence for this con- 
clusion, and that further work is required to establish 
riboflavin as the prosthetic group of transglucosidases. 

With respect to the significance of oligosaccha- 
rides with a-1,6-and a-1,3-linkages, it should be point- 


Fig. 4. Dextran (1), starch 
(3), glycogen (4), partially 
hydrolyzed with acid. 2) 
Trisaccharide isolated from 
the incubation mixture. a) 
isomaltose; b) panose; c) 
maltotriose; d) isomaltotwi- 
ose. 


ed out that, in addition to a possible independent role 
in the metabolism of the animal organism, they evi- 
dently play a role in the synthesis of various polygluco- 
sides (polygtucoside with a high content of a-1.6link- 
ages [22] and polysaccharides of the glycogen type in 
which @-1,3dinkages have been found [23). 


SUMMARY 

Two different enzymatic systems mediating the 
synthesis from maltose of oligosaccharides with different 
linkages have been isolated from rabbit liver and muscle. 

Oue of them with the pH optimum 4.55.0 cata - 
lyzed the formation of oligosaccharides with a-1,4- 

linkages, whereas the other with the pH optimum 6.8 - 
7.0 catalyzed predominantly the formation of 
oligosaccharides with @-1,6-linkages. The disac- 
charide isomaltose and the trisaccharide panose have 
been isolated and identified (by partial acid hydrolysis, 
(“Jp. chromatographic methods, infrared spectra. etc.). 

Besides oligosaccharides with a-1,6-linkages there 
has been also observed (at pH 6,8—7.0) the formation of 
oligosaccharides with a-1,3-linkages. The disaccharide 
nigerose with an a-1,3-linkage has been isolated and 
identified. 

It has been shown that the enzymatic systems medi- 
ating the formation of oligosaccharides with a-1,4- 
linkages and with a-1,6-linkages were different and 
may be separated by fractionation with ethanol, at pH 
4.8 and 55°, and prclonged storage at pH 7.0 and 0°C. 

I wish to thank E, L. Rosenfeld for his valuable 
advice in this study. 
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The principle of the connection of the Pasteur 
effect (PE) with oxidative phosphorylation was enun- 
ciated as a result of study of the Pasteur effect in 
yeast, nucleate pigeon erythrocytes, ascitic tumor cells 
of mouse, and bovine spermatozoids [1-3]. Experi- 
ments carried out with radioactive phosphorus and such 
inhibitors as dinitrophenol (DNP), sodium azide, cthyl- 
carbylamine, and the so-called anti-Pasteur factor [4] 
clearly testified to the indissoluble link between two 
aspects of the respiratory process: its regulatory func- 
tion and the coupled oxidative phosphorylation. Dis- 
turbance of PE in the cells led, as a rule, to a depress=- 
ion of oxidative phosphorylation and, conversely in- 
hibition of oxidative phosphorylation resulted in a 
suppression of PE, On this basis we envisaged a com- 
petition bctween respiration and glycolysis for the 
adenylic system, since these two processes “converge” 
at the point of ATP synthesis [1, 5). 

In later years, the coupling of PE with oxidative 
phosphorylation was confirmed on numerous occasions 
in the studies of other workers. On the basis of experi- 
ments with yeast, Lynen (6, 8] and Lynen and Koenigs- 
berger [7] concluded that metabolic conversions regu- 
lated by the Pasteur reaction are coupled to oxidative 
phosophorylation. Meyerhof [9] established that in pre- 
parations of baker’s yeast which had been rapidly dried 
and weated ultrasonically, DNP and p-nitrophenol, 
which disrupt the Pasteur mechanism, inhibit oxidative 
phosphorylation, Turner [10], in experiments with 
tissue slices and cell-free suspensions of lacteal glands, 
showed that PE is linked to oxidative phosphorylation 
and that p-nitrophenol, while disrupting oxidative 
phosphorylation, stimulates serobic glycolysis [11, 12]. 
According to Macllwaine and Gore [13], DNP and cer- 
tain ciner substances stimulate respiration and glycoly- 
sis in tissue slices from the cerebral cortex of mammals, 
while at the same time they cause a decrease in phos- 
phocreatine levels and an increase in inorganic phos- 
phorus (Pinorg’ A whole series of compounds which are 
well known inhibitcrs of PE have proven to inhibit oxi- 
dative phosphorylation in subcellular enzyme systems 
[14-17]. In recent years many studies have been 
carried out which directly of indirectly confirm the link- 
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age of PE to oxidative phosphorylation [18-26]. This 
may therefore be considered to be firmly established, 
although its mechanism remains obscure. 

We have assumed that the explanation of the 
Pasteur effect, which conuols the energy balance of 
the cell, should be sought in its interrelation with the 
coupled phosphorylation. A systematic study of PE 
from this point of view has been carried out in our lab- 
oratory using whole cells and systems of subcellular 
components. 


METHODS 
Experiments were performed with pure and com- 
mercial cultures of baker’s yeast, Saccharomyces cere- 
viseae. Respiration and fermentation were measured in 


the Warburg apparatus. Phosphorylation was measured 
according to content of labile phosphorus (Pj3) and 
rate of turnover of radioactive phosphorus in ATP, which 
later was isolated by adsorption on charcoal [27]. Cells 
were incubated 30 minutes in Krebs-Ringer-phosphate 
buffer, pH 6. The final concentration of yeast cells in 
cellular suspensions was 0.7%. 


RESULTS AND DISCUSSION 

Respiration. Fermentation. and Coupled Phosphorylation 
in Baker's Yeast 

With good aeration (manometers shaken °9-100 
times per minute) and low cell concentration (7 mg 
pressed raw yeast per ml suspension), baker*s yeast 
exhibits a well-dcfined PE — fermentation is completely 
absent, there being no degradation of glucose to carbon 
dioxide and alcohol in the presence of air. In the pres- 
ence of 0.7% glucose in Krebs-Ringer-phosphate buffer, 
pH 6, the yeast cells absorbed 26 m1 (1161 yp moles) OQ, 
per gram raw pressed yeast per hour. In the absence of 
glucose, respiration was sharply reduced (3.76 ml). 
The maximal capacity of the cells to ferment sugar was ex- 
pressed by the formation in anaerobic conditions of 
31.59 ml CO, (1410 pt moles), i.e., to block the possible 
formation of 1p ter CO, by fermentation, the absorp- 
tion of less than 1 y liter O, was sufficient. 

Determination of ATP by adsorption on charcoal 
showed that with incubation under aerobic conditions 
in the presence of glucose, yeast cells contain 157g. 





TABLE 1 


Changes in Amount and Relative Specific Radioactivity (RSF) of ATP Phosphorus 


with Time 


ec 


' Phosphorus, Hg per Phosphorus, Mg per 


Expt. 
no, 


| graw yeast 


'P-ATP P |Pinocg 


| 


aed 


meds 
tiontim 


|; Mun 


15 152 
a0 73 
60 43,4 
15 1985 
w 86,8 
cv 63,0 | 


492,0 
502,35 
477,0 
631.0 
657 ,0 
585,0 | 


66 
6S 
~ 


58 
63 
88 


Note. 


ea ol 
. 
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Sampies contains 7 mg yeast per ml sample; 0.7% 


Expt. 
no. 


Bh eae yeast 
.* ATP Pinorg 


n RSR 


lose P-ATP 
| 2S 


86 
88 
72 


78 
62 
91 


166.0 
173,0 
1 227.0 
161.0 
135.0 
; 80,0 


600,0 
618,0 
555,0 
596.5 
654,2 
667,5 


To glucose (final concentration). 


Krebs-Ringer phosphate buffer pH 6. gas phase 30°. 


Piab per gram wet weight, under anaerobic conditions 
—162g. In the absence of glucose, the content of la- 
bile phosphorus of ATP under aerobic conditions fell to 
115 yg. Amounts of cellular Pinorg were, respectively, 
467, 571, and 661g. Determination of P;,,, by a 
simple 10-minute hydrolysis in 1 N HC] yielded figures 
about twice as high as for determination by adsorpiion 
on charcoal; this is due to a considerably greater speci- 
ficity of the latter method. 

These results are surprising, first of all, because of 
the discrepancy between the vigor of respiration and 
glycolysis and the levels of ATP in the cells. Actually, 
respiration of yeasts, which is 26 ml per gram per hour, 
is able to support the esterification of 216 mg Pinogg 
(P:O = 3). Fermentation under anaerobic conditions, 
equivaient to 31.59 ml CO, could esterify 43.7 mg P 
(1 pmole CO, per 1ymole P). The content of labile 
phosphorus of ATP in the yeasts is actually about 160 
ug per gram. In leucocytes, for example, almost the 
same level of ATP is maintained by a respiration 20 
times less rapid. There are two possible explanations 
for this discrepancy: 1) The rate of mrnover of ATP 
phosphorus in yeasts is extremely high; 2) A considerable 
portion of the respiration and fermentation of yeast is 
not Linked to resynthesis of ATP. 

The first alternative can easily be tested using iso- 
topes, Determination of the relative specific activity 
(RSR) of the labile phosphorus of ATP 

specific radioactivity of P-ATP x 100 
specific radioactivty of P. 


inorg 

showed that in “0 minutes of incubation this value reaches 
82% under aerobic conditions and 87% under anaerobic 
conditions, This argues against the first explanation, 

The discrepancy between values for respiration and 
fermentation, on the one hand, and the level and turn- 
over rate of ATP, on the other, becomes especially 
striking when the following simple calculation is made. 


Fermentation requires a continuous transfer of phosphor- 
us from ATP to glucose and glucose-6-phosphate in the 
ratio of 2 molecules of terminal phosphorus to 1 mole- 
cule of sugar. In order to support a normal fermentation 


‘rate of 31.59 ml CO, per hour, the transfer of about 44 


mg phosphorus is required. This consumption of ATP 
phosphorus must be compensated by resynthesis of ATP, 
since the ATP level is essentially unchanged during 
fermentation. Fermentation at this rate therefore pre- 
supposes the incorporaticn into ATP of 44 mg Pinorg « 
but since the content of labile phosphorus of ATP is 
160 }#g, there must be a turnover of ATP phosphorus 
of about 275-fold during this time. It is obvious that 
under aerobic conditions the rate of turnover is still 
higher. The figures obtained for RSR, &2 and 87% for 
30 minutes, in no way reflect this vigorous turnoves. 

It should be kept in view also that the consumption of 
ATP in phosphorylation of sugar during fermentation 
represents one. of the possible channels of utilization of 
this compound by the cell. 

Therefore, either there is still much concerning 
cell metabolism which is at present unknown, of the 
existing methods of studying rate of ATP phosphorus 
turnover are inadequate. 

Doubts as to the real significance of RSR increase 
still further with examination of its changes with time 
(Table 1). 

As the table shows, in yeasts it does not change 
linearly with time. After reaching 60% or even higher 
in the first 15 minutes of incubation, it changes but 
litle. The amount of ATP phosphorus fal's during incu- 
bation in the majority of cases without a corresponding 
increase in Pinorg. which indicates not a mineralization 
of ATP phosphorus but a re-esterification. Evidently, 
during the first few minutes of incubation there are com- 
plex processes of uptake and release of inorganic phos- 
phorus involving the most varied compounds, as a result 
of which RSR reflects not so much the assimilation of 
phosphorus as the sum total of assimilation and dissimi- 


651 





TABLE 2 


Reversibility of the Action of 2,4-Dinitrophenol in Suppressing the Pasteur Effect 


in Baker's Yeast 


Respiration and fermentation in m] O2 and CO, per g raw yeast per hour 


Ferment- 
ation 


eg Sample composition 


| 
‘ 
' 


| 
| 


Yeast + glucose (gl) 
Yeast + gl+ DNP 
Yeast + gl+ KCN 


Yeast+ glucose (gl) 
Yeast + gl+ DNP 
Yeast +g1+ KCN 


32,685 
35 075 
31,05 

| 32,7 


| 


Yeast washed -3_ NP adde — 
imes with physio- | to washed yedst 


Iogscat golbuion (+ ete, 
resp. _ fermen. | resp. | fermen. 


| 


0 
40,25 
36 
0 
40,8 
39 


29,41 
30,12 


30) 


31,8 
30,52 


0 
57,6 
9 


0 
6 


32,8 
28,8 


0 
40,81 
39,60 


| 


Note, Contents of yeast and glucose as in Table 1. Concentration of DNP- 3x 10°“M; 


KCN-4,3X 1072M; incubation medium— 


lation reactions, which are difficult to analyze and in- 
terpret. We are therefore inclined to think that the dis- 
crepaacy between the rate of energy-yielding processes 
and the ATP reserves in yeast cells is due to inade- 
quacies ir the methods of determining RSR. 

These experiments are also irteresting from another 
point of view. The fact that the amounts and turnover 
rates for P),}, are the same under aerobic and anaerobic 
conditions leads to the conclusion that the efficiency of 
oxidative phosphorylation is quite low, since respiration 
at a rate of 26 ml O, per hour is associated with the 
same amount of esterification as fermentation at a rate 
of 31.59 ml CO, per hour. This is possible only if the 
P:O ratio is 0.6. 

The cause of this low efficiency of respiration can 
only be guessed. It is essential, however, that even 
under these conditions PE continues to be maximal, 
there being no acrobic fermentation. Apparently, even 
when the respiratory activity is of so low an efficiency 
it is sufficient to maintain PE. 

The fact of the equivalence of ATP and ADP levels 
under various conditions of aeration has also been noted 
for yeast by Holzer et al. [28). 


ON THE MECHANISM OF THE PASTEUR EFFECT 

Baker*s yeast can be induced to ferment vigorously 
not only by oxygen deprivation (anaerobiosis, cyanide), 
but also by the use of uncoupling agents in the presence 
of oxygen [1, 2, 5). 2,4-Dinitrophenol (DNP) at a con- 
centration of 3 x 10™M induces fermentation compara- 
ble in extent to that elicited by cyanide (Table 2). It 
is interesting that this effect is reversible. A three-fold 
washing of the cells with a physiological solution com 
pletely restores PE, Addition of DNP to washed cells 
once more disrupts PE, which can then be restored by 
washing away the poison. This, incidentally, is incon- 
sistent with the hypothesis of Hunter [30] that DNP 
causes a degradation of certain transphosphorylases the 
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physiological solution; yas phase~ air; temp. — 30°, 


fragments of which then function as ATP-ases. It is 
hardly possible that the normal condition and function 
of the cell's enzyme systems could be so easily restored 
(by simply washing out the poison) if DNP had caused 
structural-chemical changes in the cell. It is possible 
that even when disruption of PE by DNP is associated 
with an increase in ATP, the effect of DNP is not 
dependent on ATRase activity. It is well known that 
while DNP inhibits PE it also disrupts oxidative phospho- 
rylation [1,2,5). Suppression of generation of energy- 
rich phosphorus compounds by respiratory means should 
not only increase the ADP concentration but should 
also reveal anaerobic pathways of resynthesizing ATP 
which compensate for the deficit in resynthesis brought 
about by the disruption of oxidative phosphorylation. 
This elementary automatic regulation of the inflow of 
energy by various pathways may be a good demonstra- 
tion of the tue significance of the principle of “con- 
vergence® of respiration and fern.entation formulated 
by Engel’ gardt in 1944 (31). If this principle is regard- 
ed not from a static point of view ~ as a simple state- 
ment of the fact of a general connection between the 
two processes residing in synthesis of ATP — but from a 
dynamic point of view ~ as a complex competitive inter- 
action of the two processes at the point of ATP synthesis 
which is controlled by this synthesis ~ then it can serve 
as a good basis for the explanation of PE. From this 
principle it might be expected that in cells with a high 
level of respiration and a comparatively small glycoly- 
tic activity (nucleate erythrocytes of birds, kidney, 
liver, etc.) disruption of oxidative phosphorylation by 
respiratory poisons or uncoupling agents would lead to 

a rapid dissipation of ATP, since the weak anacrobic 
mechanism brought into play under these conditions 
cannot fully compensate for the deficit in ATP resyn- 
thesis. Conversely, in cells with a vigorous anaerobic 
mechanism of energy supply (tumor cells, leucocytes, 
bovine sperm, thrombocytes, etc.), the glycolysis aris- 





TABLE 3 


The Effect of 2,4-Dinitrophenol on Phosphorylation in Baker*s Yeast 


AYP P, 
Sample composition iglg 


2 aw RSR 
cast 


Yeast + glucose (gl) 120.0; 50 
Yeast + gl+ DNP " 84,0: 
Yeast + gl; anaerobic ‘117,0 
Yeast + g! 119.0 
Yeast + gl+ DNP 144,0) 
Yeast + gl; anaerobic 149,0; 
Yeast + gl 162,0| 
Yeast+ gl+ DNP 146,0} 


ATP P. 
ug/g 


EB Sample composition taw RSR 


yeast 


' Yeasts glucose (gl) 
Yeast + gl+ DNP 
Yeast + gl; anaerobic 
Yeast + gl 
Yeast + gl+ DNP 
Yeast + gl; anaerobic 
Yeast + gl 


| Yeast+ gl+ DNP 
Yeast + gl; anaerobic 


114,0 
122.0 
132,0 
190,0 
209,0 
213 ,0 
263,0 
' 263,0 
, 287,0 


Note. Concentrations and incubation procedures as in Table 2. Medium~ Krebs-Ringer 


phosphate. pH 6. 


TABLE 4 


Changes of Pi norg Levels of Yeast Cells with Induction of Aerobic Fermen- 


tation by 2,4-Dinitrophenol 


t 
Composition of sample period | ml CO, | 8 


i Ycast + gl+DNP 
Yeast + gl 
i 
Yeast + gl + DNP 
| Yeast + gl 
Vv east + &| + DNP 
| Yeast+ gl 
Vil; Yeast+ gl+DNP 
| Yeast + gl 


Yeast + glucose /gl) 
Yeast + gl+ DNP 
Yeast+ gl 

Hl 

lV Yeast + gl+ DNP 

east + 

Vi | Yeast+ 91+ DNP 

| Yeast+ $1 

VIIl| Yeast+ g1+ DNP 


Incuba- : Ferment<Pjnor Incre 
ion ation, | 1NOfBe ” 


' 40 sec 


as 
! inp igephorus 


485.5 
510,00 
A487 5 
510.0 
992,0) 
ao 6265,0 
0 2430 
1,405 337,0 
0 47,0 
1,540 387.0 
375,0 
D100 
375,00 
, §20,0 
382,0 

5930 42 


Note, Components of reaction mixtures and incubation conditions as in 
Table 2; medium ~— physiological solution. Fermentation and Pinorg ex- 


pressed per gram wet ycast. 


ing upon disruption of PE should compensate to a con- 
siderable extent for oxidative phosphorylation, and con- 
sequently the ATP level should be unchanged. 

In view of the very high fermentative capacity of 
baker's yeast, it could be assumed that disturbance of 
PE and inhibition of oxidative phosphorylation by DNP 
would have little effect on the ATP level. In point of 
fact, experiments showed that the fermentation induced 
by DNP does indeed compensate for the disrupted oxida- 
tive phosphorylation, and as a result the ATP level is 
practically unchanged, although the Pinorg level inside 
the cell increases somewhat. Moreover, RSR of the la- 


bile phosphorus of ATP in the presence of DNP does not 
exceed that of control suspensions (Table 3). It is tue 
that in evaluating this finding the considerations pre- 
viously advanced on the real significance of the values 
of RSR should be kept in mind. Nevertheless, even if 
this finding is not taken into account, the single fact of 
a high level of ATP in nitrogen serves as a strong argu- 
meat for the resynthesis of ATP under both aerobic and 
anaerobic conditions. 

Possitiy the suppression by DNP of P;,., incorpora- 
tion, which has been observed by us and also by Hotchkiss 
[29] and others, is basically due to an effect of DNP on 





assimilation of Pinorg into other phosphorus compounds 
and on the penetration of Pinorg: into the yeast cells 


Significance of Inorganic Phosphorus in the Expression 
of the Pasteur Effect after, eRe 

In almost all the recent studies of PE, the mecha- 
nism of this phenomenon has been related in one way of 
another to phosphorylation. In general, two viewpoints 
tiave been expressed. Some workers attach special signi- 
ficance to changes in ADP concentration, while others 
consider changes in Pinorg levels of basic importance. 
In order to localize more accurately the site of PE reali- 
zztion, we attempted to follow changes in Pj, 5.9 levels 
of yeast cells from the time of induction of aerobic fer- 
mentation by DNP. If the fermentation-regulating func- 
tion of respiration is related to changes in Pinorg inside 
the cell, addition of DNP should induce a sharp increase 
in this fraction. Experiments show that DNP has only a 
slight effect on Pinory levels, and this factor can hardly 
be involved in the PE mechanism (Table 4). 

As Table 4 shows, addition of DNP results in a fairly 
rapid appearance of a vigorous aerobic fermentation. 
There is, thus, an abrupt change in the character of the 
metabolism. The concentration of intracellular Pi, opoe 
however, increases by only 4-12% within 10 seconds to 
3 minutes after addition of DNP; increases of 30-40% 
are observed only after 5 to 10 minutes. Since the large 
increases occur several minutes after the advent of aero- 
bic fermentation, they can be regarded only as a result, 
not a cause,of the disturbance of PE. 


Respiration. 


Phosphorus of ATP 


S$ 


Fermentation 
ml co, 


Phosphorylation in commercial yeast 
cultures. Samples contain: 7 mg yeast 
per ml; glucose — 0.7% (final concen- 
tration); medium — Krebs-Ringer phos- 
phate solution; pH 6; gas phase — air; 
temp. — 30° 1) yeast + glucose, 
aerobic; 2) yeast without glucose, 
aerobic; 3) yeast + glucose, anaero- 
bic. Results expressed per g raw 
yeast per hour. 


Differences in the Metabolism of Pure and Commercial 
Cultures of Baker's Yeast 


Experiments with commercial yeast cultures, which 
were obtained in a manner different from that used in 
obtaining pure cultures, merit consideration. A charac- 
teristic property of these cells is their ability to main- 
tain a high level of ATP in the absence of exogenous 
substrate. As a rule, the amount of Piab in samples free 
of sugar was considerably higher than that in samples 
containing gluccse, even though their respiration was 
almost five times as rapid (figure). Moreover, in the 
presence of glucose the ATP level was almost 1.5 times 
greater in anaerobic conditions than in aerobic condi- 
tions. 

Thus, the conditions under which the yeast cultures 
are grown have a substantial effect on the character of 
their metabolism. This should be kept in mind in de- 
signing and evaluating experiments with yeast. 


SUMMARY 

The cells of a pure culture of baker's yeast take 
up under the conditions of good aeration in the presence 
of glucose in the Ringerphosphate buffer (pH 6), 26 ml 
O, per 1 hour per 1 g pressed raw yeast . When sugar is 
absent respiration decreases drastically, viz, to 3.76 ml. 
Under anaerobic conditions 31.59 ml CO, are produced by 
cells via fermentation. The content of lavile ATP phos- 
phorus in yeasts under aerobic and anaerobic conditions 
in the presence of glucose is practically similar, amount- 
ing to 160 yg/g. Nor does the relative specific radio- 
activity of ATP phosphorus depend on aeration condi- 
tions and amounts to 82-87% upon 30 minute incubation. 
Appreciable discrepancy was noted between the rate of 
respiration and fermentation, on one hand, and the 
amount and renovation rate of ATP phosphorus, on the 
other. Derangement of the Pasteur effect in yeasts by 
dinitrophenol is accompanied by a rather small increase 
in mineral phosphorus inside the cells. 

The derangement of the Pasteur effect by dinitrophe- 
nol is reversible: in washed cells fermentation is again 
blocked effectively by respiration. 
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According to the present concepts of urea synthe- 
sis in the liver, one of the two nitrogen atoms is derived 
from ammonia and the other is derived from the amino 
group of L-aspartic acid [1-4]. 

The role of aspartic acid as the sole immediate 
donor of the amino group in the conversion of citrulline 
to arginine in the second step of the orthine cycle may 
be considered as conclusively demonstrated by the stu- 
dies of Cohen, of Ratner et al. [1], of Klyuge [3], and 
of others. There are, however, some disagreements as 
to the origin of the nitrogen atom involved in the con- 
version of ornithine to citrulline during urea synthesis. 

As is well known, the source of the carbamyl group 
of citrulline is carbamyl phosphate which, in the opin- 
ion of most workers, is formed from a phosphate group 
of ATP, carbon dioxide, and ammonia. This ammonia 
evidently arises for the most part from widely distri- 
buted processes of deamination aid deamidation out- 
side the liver, being supplied to the liver predominantly 
in the form of the amide group of glutamine in the 
blood stream [3,4]. 

It is possible that under physiological conditions 
glutamine entering the liver from the blood stream 
serves as one of the main sources of both nitrogen atoms 
utilized in urea synthesis by way of the ornithine cycle. 
This is the viewpoint of a number of workers, who are 
guided by the fact that in vivo experiments [5,6], as 
well as those with perfused liver [7] and with tissue slices 
and homogenates [8-10] show that giutamine serves as 
an excellent material for urea formation, being more 
effective under certain conditions than glutamic acid or 
ammonium salts. 

The enzymatic deamidation of glutamine (or y- 
amido a-ketoglutaric acid formed from it by transami- 
nation) in liver results in the release of ammonia, which 
is utilized in the first stage of the ornithine cycle. Some 
workers believe, however, that glutamine can participate 
in urea synthesis directly without the intermediate 
release of ammonia [7-10], while some believe that in 
general ammonia is not an intermediate in urea synthe- 
sis [10,11]. 
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Bach and Smith [10], for example, on the basis of 
data obtained with rat liver slices, concluded that the 
amide group of glutamine is utilized in urea synthesis 
without an intermediate deamidation stage; they assume, 
moreover, that in synthesis from ammonia the latter 
must first be incorporated into glutamine and they con - 
clude that the mechanism of urea formation differs sub- 
stantially from that which is envisaged by the ornithine 
cycle. This viewpoint, and also the similar view of Ce- 
drangolo [11), are in opposition to those of ot..er workers 
and to a large body of data, in particular data obtained 
in a study of urea formation with isotopes [6,12]. 

In view of the fact that much is unclear with respect 
to the paths of utilization of glutamine nitrogen, espe- 
cially in its first stage, we undertook this investigation 
with the purpose of experimentally testing the assun.p- 
tions of Bach and Smith. 


METHODS 

Experimental material consisted of liver slices and 
homogenates from male rats weighing 150-200 g which had 
been starved for 12-18 hours prior to the experiment. 

Tissue slices (200 mg per sample) were incubated 
under aerobic conditions in 4 ml of incubation medium 
for 8 hours at 38°, Experime>tal details are given in the 
tables. Composition of the buffer solutions in which the 
slices were suspended was dependent on the purpose of 
the experiment, the following four solutions being used: 

1. Ringer- bicarbonate solution as modified by Krebs. 

2. Ringer-Krebs salt solution with Tris buffer, not 
containing CO, [10]. This was prepared by substituting 
ihe bicarbonate component of the Ringer bicarbonate 
buffer with the same volume (12 parts per 100) of 0.1 M 
Tris (oxymethyl) aminomethane acidified with HCl to 
pH 7.8. 


* Abbreviations used in the text ATP — adenosine triphos- 
phate; EDTA — disodium ethylenediamine tetracetate; 
Gl-NH, — glutamine; BCG — bromcresol green; BCP — 
bromcresol purple; MeAs— a-methyl-DL-~aspartic acid. 





Comparative Values for Urea Formation from 
Ammonium Salts and Glutamine by Liver Tissue 
Slices 

Composition of reaction mixture: 200 mg tissue 
slices in 4 ml Ringer bicarbonate buffer or Ringer 
phosphate buffer containing: NHgC1(40 ,:moles) 

or glutamine (£0 moles); DL-ornithine ~10 mg%; 
fructose - 200 mg%. Incubation 3 hours at 38° in 95% 
O,+ 5% COg. Figures represent amount of urea after 
incubation in moles per g tissuc. 


In Ranger-Si carbonate 


In Ringer- phosphate 
Uifer 


ullier 


from NHC] GI-NH, 


from NH,CI | GI-NIt, 


' 
23 | 
20 
oy 
I 


26 


Average 23 


3. Ringer-Krebs salt solution with Tris buffer, con- 
taining CO, [10]. This was prepared from 24.2 ml of solu- 
tion 2 and 54.6 mg NaHCO, in 1.* ml of the same solu- 
tion. Before an experiment the solution was adjusted to 
pH 7.4 by passing through it a gaseous mixture consist- 
ing of 95% O, and 9% CO,. 

4. Ringer-phosphate solution as modified by Krebs. 
Fructos was usually added as a respiratory substrate. 

Homogenates were prepared from 1 g liver tissue and 
3 ml potassium phosphate buffer (0.1M, pH 7.4) contain - 
ing EDTA (6 mg per ml homogenate). Reaction mixtures 
contained 0.5 ml homogenale, necessary substrates and 
other factors dissolved in phosphate buffer (these details 
presented in tables); incubation was carried out for 1 
hour at 38°. 

In all experiments samples were fixed with TCA 
(final concentration 57>) after incubation. Ammonia and 
amide nitrogen of glutamine were determined by Archi- 
bald’s method [13] in the protein-free filtrate (after hy- 
drolysis of samples in Sf TCA on a boiling water bath 
for 30 minutes). After hydrolysis of glutamine, urea was 
determined according to the increase in NHg upon expos- 
ure to urease. 


RESULTS AND DISCUSSION 

As noted in the introduction, Bach and others be- 
lieve that glutamine serves as an immediate precursor 
in urea synthesis, basing their belief on the fact that 
glutamine is an excellent substrate for urea formation 
in liver either in the presence or absence of ammonium 
salts. 

According to Bach's data from experiments with 
liver tissue slices [10], glutamine at high concentrations 


The Effect of Bromcresol Green. Bromcresol 
Purple, and the Antibiotic Azaserine on the 
Formation of Urea and Ammonia from Glutamine 
in Liver Slices Composition of reaction mixture: 
200 mg tissue in 4 ml Ringer bicarbonate buffer; 
G1-NH, — 80 pmoles; DL-ornithine — 10 mgh; 
fructose — 200 mg; BCG — 7 x 10™M; BCP — 

7 x 104M; azaserine — 2 moles. Incubation 

3 hours at 38°. Arnounts of urea and ammonia 
expressed in pmoles per g tissue. 


formed 
amide ; 
i-NH, oP 


Urea 


Sample condition 


Tissue + GI-NH 
. Tissue + G1- NH, + BCP 


Tissue + GI-NH,+4 BCG 
Tissue + G1- NH, + aza- 
serine 


is much more effective than glutamic acid and am- 
monia. Formation of urea from ammonium salts was 
maximal at an ammonium ion concentration of the 
order of 1 x 107M; at higher concentrations synthesis 
is sharply reduced [14]. In contrast, urea synthesis from 
glutamine increases linearly with concentration of glu- 
tamine up to 2.5 x 107*y; according to Bach, gluta- 
mine at a concentration of 1.7 x 10 7M ut higher is 

a better substrate than an ammonium salt at its opti- 
mal concentration (1 x 107? - 1.25 ~?M). 

Our findings with rat liver slices are not in agree- 
ment with those of Bach. As Table 1 shows, synthesis 
of urea from 2 x 10M glutamine was either lower 
than from 1 x 1077M ammonium salt or equal to it, 
but never greater. 

In our experiments the amount of urea formed 
from glutamine was somewhat higher when tissue slices 
were incubated in the Ringer-phosphate buffer than 
when they were incubated in the Ringer- bicarbonate 
buffer. This could be attributed to the well known 
increase in glutaminase activity in the presence of 
phosphate. 

One of the arguments of Bach and Smith in favor 
of a direct utilization of the amide group of glutamine 
in urea synthesis was based on results [10] which showed 
that formation of urea from glutamine in liver slices 
is not inhibited by bromcresol green (BCG) or bromcre- 
sol purple (BCP); according to publishec information, 
these dyes suppress hydrolysis of glutamine by glutam- 
inase preparations. In similar experiments, in which 
BCG and BCP were added to rat liver slices in concen- 
trations used by Bach (7x 10™M), we observed no reduc- 
tion in urea formation, but neither was there any de- 
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TABLE 3 


The Effect of Bromcrcsol Green, Brom- 
cresol Purple, and Azascrine on Glutamin- 
ase Activity in Rat Liver Homogenates 
Composition of reaction mixture: 0.5 ml 
homogenate (1:3) in 3 ml potassium 
phosphate buffer, pH 7.4; GI-NH; — 

60 ymioles; fumarate — 20 ,,;moles; KHCO, 
0.077M; L-G1 — 0.033M; DL-ornithine — 
0.0033M; BCP — 4 x 104M; BCG — 

4 x 10 M; azaserine — 2 moles. Incuba- 
tion 1 hour at 38°. Formation of NHy 
expressed in ymoles per sample. 


NH formed from the amide group of 
glutamine 


NH. -N G1-NH 1- NH + 
GI-NH, Oh aye * be . Prasentie 


48 -- 
39 36 


crease in formation of ammonia from glutamine 
(Table 2) 

Since the absence of inhibition might have been 
due to low permeability of the liver cells to BCG and 
BCP, we also investigated the effect of these dyes on 
glutamine conversions in homogenized rat liver tissue. 
As Table 3 shows, at a concentration of 4 x 10M, 
BCG and BCP were entirely without effect on the hydro- 
lytic removal of the amide group from glutamine by 
homogenates or tissue slices. Glutaminase present in 
such preparations is therefore unaffected by BCG and 
BCP at the concentrations employed, in contrast to puri- 
fied enzyme preparations. Bach's conclusions as to the 
mechanism of urea formation from glutamine, which 
are based on experiments with these inhibitors, cannot 
therefore be considered valid. 

Data obtained in a few experiments on the effect 
of azaserine (N,;CHCOOCH,CHNH,COOH) are present- 
ed in Tables 2 and 3. As is well known, this compound 
is an antimetabolite of glutamine, and in very low con- 
centrations strongly inhibits reactions involving wansfer 
of the amide group of glutamine which are carried out 
by bacterial and animal enzyme preparations. Among 
such reactions are hexosamine synthesis and formation 
of phosphoribosylamine and formylglycinamidine ribo- 
nucleotide, which is a step in purine biosynthesis. Aza- 
serine inhibits almost completely the synthesis of purine 
nucleotides in pigeon liver preparations [15]. The 
effect of this compound on hydrolytic removal of the 
amide group from glutamine has not been studied. 

li in the synthesis of urea from glutamine there is 
an intermolecular transfer of the amide group, then it 
could be expected from Bach's hypothesis that, as in 
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other transamidation reactions involving glutamine, 
there would be an inhibition by azaserine. 

Experiments have shown that at ordinary concentra- 
tions (0.005-0.0075M) azaserine does not inhibit the 
conversion of glutamine to urea by liver slices (Table 2), 
nor does it inhibit hydrolysis of glutamine by glutami- 
nase of homogenates (Table 3). It should be noted that 
the azaserine itself docs not undergo deamination. Not 
infrequently there is even observed a certain increase in 
the formation of urea and arnmonia from glutamine; 
possibly this is due to an inhibition of competing tans- 
amidation reactions involving glutamine. 

In support of their hypothesis of a direct utilization 
of the amide group of glutamine in urea synthesis with- 
out an intervening hydrolysis, Bach and Smith also ad- 
duce results of experiments in which they incubated 
liver slices in a Ringer solution with Tris buffer from 
which carbon dioxide and bicarbonate bad been ex- 
cluded. Under such conditions, in which urea synthesis 
was impossible, there was no formation of ammonia 
from glutamine. 


In a number of experiments designed to test this 
hypothesis, we used a Ringer. phosphate solution not con- 
taining CO,. Under these conditions, urea synthesis, 
either from NH,C1 or from glutamine, was sometimes 
lower than when tissue slices were incubated in a Ringer. 
bicarbonate solution (Table 1). This difference was, 
however, insignificant and irregular; we were unable to 
demonstrate a significant reduction of urea synthesis in 
experiments with a phosphate buffer without bicarbon- 
ate, Formation of ammonia from glutamine was 
slight. 

When phosphate buffer was substituted by Ringer- 
Tris solution not containing CO, (solution 2), i.e., when 
conditions used by Bach and Smith were employed, it 
proved possible to almost completely suppress urea syn- 
thesis, both from NH,Cl and from glutamine (Table 4). 
In contrast to the observations of these workers, howevei, 
we found that the number of micromoles of ammonia 
formed from glutamine in the absence of CO, was 
about the same as the number of micromoles of urea 
formed in Ringer-Tris solution containing bicarbonate 
(solution 3). (Let us remember that under these condi- 
tions the a-amino group of glutamine serves as the 
source of the second nitrogen atom of urea. 

It is possible that the absence of urea synthesis 
during incubation in Ringer-Tris solution not containing 
bicarbonate (and the absence of ammonia formation 
noted by Bach under these same conditions) is due to a 
reduction in glutaminase activity in the presence of 
Tris buffer. This supposition was not borne out by an 
experiment in which the effect of Tris(0.01M) on hy- 
drolysis of glutamine incubated with a liver homogen- 
ate (1:18) in 0.1M potassium-phosphate buffer, pH 7.4 
(which promotes deamination of glutamine), was stud- 
ied. The amount of ammonia formed fiom glutamine 





TABLE 4 


Formation of Urea from NH,Cl and from Glutamine in Liver Tissue Slices 
in the Presence and Absence of Carbon Dioxide. 

Composition of reaction mixture: 200 mg liver tissue slices in 4 ml Ringer- 
tris solution without bicarbonate(solution 2) or with it (solution 3); NH,Cl 
— 40 ymoles, or glutamine ~ 80 ymoles; DL-ornithine — 10 mg; fructose 
— 200 mg%. Incubation 3 hours at 38°. Amounts of urea and ammonia 
expressed ymoles per gram tissue. 


Samples with NH,Cl 
urea formed 


Samples with glutamine 
urea formed ammonia 
remaining 
with with 
CO; CO; 


ammonia re-_ 
maining 
with With with [with with 
| co, i Co, 


\ 
| co,} CO,| CO, 
35 0 ¢ | 


with co, 


9 ii 
61 8 


12 


52 6 


TABLE & 


Effect of a-Methylaspartic Acid on Synthesis of Urea from NH,Cl 
and from Glutamine in Liver Tissue Slices. 

Composition ef reaction mixture: 400 mg tissue in 4 ml Ringer 
bicarbonate solution; GI-NH, — 20 ymoles; NHC] —40 p moles; 
DL-ornithine ~10 mg%; fructose — 200 mgh; MeAs —200 y moles. 
Incubation 3 hours at 3?° in an atmosphere of 95% O, + 9p CO, 


Urea formed, pmoles per gram tissue 
NH,Cl and ornithine Gl- NH, and ornithine inhibi- 
with with tion, % 
MeAs MeAs 


| inhibi 
19 25 | 86 3.5 70 


i- = 
tion, % without 
MeAs 


without 
MeAs 


18 3,5 10 100 
40 14 3 18,5 a 


7 


Average: 26| 6,6 


was even somewhat greater in the presence of Tris (19 
pmoles NH;) than in its absence (16 moles NHs). 

In their consideration of hypothetical pathways 
of direct transfer of nitrogen from glutamine to urea, 
Bach and Smith [10) assume tansfer of the amide group 
in the conversion of ornithine to citrulline, and at the 
same time raise the possibility of a mechanism of urea 
synthesis in which there is no intermediate formation of 
citrulline [11, 14]. 

We have previously shown [16] that a-methyl- 
aspartic acia inhibits synthesis of urea from ammonium 
salts or other nitrogen donors in liver tissue slices and 
homogenates by blocking the conversion of citrulline 
to arginine in the ornithine cycle. Here MeAs acts as 
a specific antimetabolite of aspartic acid in the con- 
densation of the latter with citrulline. In order to as- 
certain whether this reaction occurs in the conversion of 


glutamine to urea, we tested the effect of MeAs on 
synthesis of urea from glutamine and from NH,Cl in 
tissue slices from a single liver (in the presence of orni- 
thine). Results of these experiments (Table 5) showed 
that MeAs at 5 X10 °M inhibits formation of urea from 
glutamine (average, 74%)and from ammonium salts(77%) 
tothe same extent. These data confirm the existence 
of a condensation reaction between citrulline and as- 
partic acid in the course of synthesis of urea from glu- 
tamine and vitiate hypothetical mechanisms of synthe- 
sis without intermediate formation of citrulline which 
have been discussed inthe literature [10, 11, 14). 

In conclusion let us turn to the interpretation, in- 
correct in our view, by Bach and Smith of results of a 
single series of experiments, which we have not 
repeated. Investigating urea synthesis from glutamine 
by liver slices, they noted a considerable formation of 
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ammonia when pyruvic acid was present in the incuba- 
tion mixture; this they rightly attribute to a coupled 
transamination and deamidation of glutamine. At the 
same time, synthesis of urea in the presence of pyru- 
vate was reduced. Inthe opinion of these workers, 
these facts indicate that formation of ammonia from 
the amide group of glutamine and transfer of the latter 
to a urea precursor are unrelated processes which cem- 
pete with each other. At the same time it is known 
that pyruvate inhibits urea formation even when the 
niuogen source is ammonium salts or amino acids. As 
Ratner has shown, this is because addition of pyruvic 
acid shifts the transamination reaction in liver tissue 
toward alanine formation and depresses formation of 
aspartic acid; conversion of citrulline to arginine in 
the ornithine cycle is thereby limited (1,4). 

In summary we can state that the body of experi- 
mental data which has served as the basis of the hypo~ 
thesis of Bach and Smith of a direct utilization of the 
amide nitrogen of glutamine in urea synthesis has not 
been confirmed in our laboratory. Those observations 
which we have been able to confirm can casily be 
explained in terms of the generally accepted pathways 
of glutamine deamination followed by conversion of 
ammonia and glutamic acid to urea via the well known 
reactions of the ornithine cycle [1-4]. 


SUMMARY 

According to Bach and Smith [10] the intact glut- 
amine molecule is utilized without intermediary hy- 
drolysis, as a nitrogen source for urea synthesis in mam- 
malian liver. The results of this reinvestigation agree 
with this hypothesis. 

It was found that in rat liver slices, the rates of 
urea synthesis from glutamine (2 x 10°? M) did not 
exceed the rates of synthesis from NH,CI at its optimal 
concentration (107M), 

Bromocresol green and bromocresol purple (4x 10~* 
M), used by Bach to suppress glutaminase activity, as 
well as azaserine, an antimetabolite of glutamine 
which specifically inhibits reactions of amide croup 
transfer, failed to inhibit either the hydrolysis of glu- 
tamine or its utilization for urea synthesis in liver 
homogenates and slices. 

As in the experiments of Bach and Smith, the syn- 
thesis of urea by liver slices suspended in Ringer- Tris 
solution was almost completely suppressed, either with 


NH,CI or with glutamine, if the medium contained no 
bicarbonate. Under these conditions, however, equiv- 
alent amounts of ammonia were liberated from gluta- 
mine. 

Suppression of the condensation of citrulline and 
aspartic acid with a-methylaspartate (5x 1077M) inhi- 
bited urea formation in liver slices to the same extent 
when NH,C1 (77%) of glutamine (74%) was the source 
of nitrogen. 

These results are consistent with the generally 
accepted view that the conversion of glutamine to urea 
involves intermediate release of ammonia by hydrolysis 
of the amide group and proceeds by way of the well es- 
tablished reactions of the ornithine cycle. 

We wish to express our gratitude to Professor A. E. 
Braunshtein for directing this study. 
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Recently a large amount of work has been pub- 
lished concerning the uncoupling of respiration and 
phosphorylation in hyperthyroidism. Uncoupling can be 
considered to have been established for liver tissue 
(1-6) although its mechanism remains largely unsettled. 
The effect of thyroxine on the processes of phosphory- 
lation in other tissues has not been sufficiently studied. 

According to Martius [2,3] the coefficient of phos - 
phorylation P/O in ground diaphragms of guinca pigs 
and rats in thyrotoxicosis is decreased in the same way 
as in liver mitochondria, Analogous data were obtained 
by Vitale and his co-authors in work with mitochondria 
(7,&] of heart muscle of young rats weighing not more 
than 50 g. The authors even considered that liver mito- 
chondria were more resistant to the uncoupling action 
of thyroxine than were heart mitochondria. However, 
Larionova [9,10] could not confirm the destruction of 
oxidative formation of ATP® in skeletal muscle in 
thyrotoxicosis. Lehninger, Tapley, and Cooper [11] 
made a comparative study of the effect of thyroxine 
and related compounds in vitro on the structure of mi- 
tochondria isolated from different rat tissues. Accord- 
ing to their data liver mitochondria swell; mitochon- 
dria isolated from muscle tissues (heart, diaphragm) 
are practically unchanged. 

The purpose of the present work is to study the 
effectiveness of respiratory phosphorylation in mito- 
chondria of liver, heart, and skeletal muscle in experi- 
mentally hyperthyroid rats and also to analyze the 
nature of the destruction in the oxidative metabolism 
of the mitochondria. 


METHODS 

The experiments were carried out on adult male 
white rats which weighed 150-200 g (at the beginning 
of the investigation). Thyrotoxicosis was produced in 
the rats by adding thyroidin (150-200 mg of the prepa- 
ration per 100 g of animal weight) to their diet daily 
for 10-30 days. 

Mitochondria were isolated from homogenized 
tissues by fractional centrifugation. The solution used 
for.isolation of liver and heart mitochondria had the 





following composition: 0.25 M sucrose. 0.001 M EDTA. 





pH 7.4. The solution for the isolation of mitochondria 
from skeletal muscle had a different composition, 
namely: 0.176 M KCI 0.005 M MgSO,, 0.001 M ATP, 
0.001 M EDTA, pH 7.4. 

Oxygen absorption was determined manometrically. 
The intensity of phosphorylation was estimated by the 
decrease in mineral phosphate determined by the me- 
thod of Sumner [12]. As the phosphate acceptor we 
used the system glucose and yeast hexokinase. Hexo- 
kinase was obtained by the method of Berger [13] in 
the modification of Ernster et al. [14]. 

Measurement of oxidative phosphorylation with 
the oxidation of added cytochrome c in the presence 
of ascorbic acid was carried out according to Lehninger 
(15). The degree of swelling of the mitochondria was 
characterized with the aid of an electronephelometer 
by the optical density (method of Cleland [16)) using 
filter No. 10 [17]. 


RESULTS OF THE INVESTIGATION 

The experiments were carried out in several vari- 
ants. 

In thyrotoxicosis, as is known, there is a deep disor- 
ganization in the work of such vitally important organs 
and tissues as the heart, liver, and skeletal muscles, 
The first series of experiments was devoted to a com- 
parison of oxidative phosphorylation in the mitochon- 
dria of these organs in thyrotoxicosis. 

In a Warburg vessel we placed the experimental 
samples which contained 60 p mole of phosphate solu- 
tion, pH 7.4, 15 pmole MgSO,, 6.0 umole ATP, 50 
umole glucose, 20 p mole a-ketcglutarate, a suspen- 
sion of mitochondria corresponding to 0.35 g of liver 
tissue or 0.5 g of heart tissue, and hexokinase purified 
to stage 3 in glucose solucion. The volume of the ex- 
perimental sample was brought to 3.0 ml with the 
sucrose solution used for isolation of the mitochondria. 





* Abbreviations used: ATP ~ adenosine triphosphoric 
acid; DPN — diphosphopyzidine-nucleotide; EDTA- 
ethylenediamine tetraacetate, Tris ~ tri (hydroxymethyl) 
aminomethane. 


TABLE 1. Comparison of the Intensity of Oxidative 
Phosphorylation in Mitochondria of Liver, Heart, 
Skeletal Muscle in Normal Animals and Those 
with Thyrotoxicosis 

Each valueis average of 5experiments with similar 
results. 26° for 30 min. Hexokinase 
purified to stage 3. Substrate: a-ketoglutaric 
acid. Figures in parentheses, P/O ratio. 
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* Oxygen absorption and binding of P after 20 min. 


Incubation was carried out in air at 26°, the time of 
equalizing the temperature was 10 min, the length 
of incubation was 30 min. In work with mitochon- 
dria from skeletal muscle the composition of the ex- 
perimental sample was : 60 p mole of phosphate buffer 
solution, pH 7.4, 20 ymole MgSO,, 6.5 ymole ATP, 


60 »mole glucose, hexokinase, 2 4 mole EDTA, 20 
pmole a-ketoglutarate, and a weight of mitochonuria 
corresponding to 2 g of tissue. The volume of the ex- 
perimental sample was 2 ml. Incubation was carried 
out in an atmosphere of oxygen at 2@ for 40 min. The 
intensity of phosphorylation was estimated by the de- 
crease in inorganic phosphorus 20 min after equalizing 
the temperature. The results are given in Table 1, 

The experimental data given in Table 1 show that 
the coupling of respiration and phosphorylation in thy - 
rotoxicosis is unstable only in liver mitochondria, in 
which the P/O value is strongly lowered. In mitochon- 
dria from the heart there is no difference in the value 
of P/O of normal and experimental animals. In the 
mitochondria from skeletal muscle in thyrotoxicosis the 
P/O value not only does not decrease, it is even raised 
somewhat. 

The very low value for the P/O coefficient in liver 
mitochondria of animals with thyrotoxicosis can be in- 
creased by adding EDTA (final concentration 0.01 M). 
Analysis of the reason for this effect shows that hexoki- 
nase preparations purified to stage 3 of Berger contain 
Ca (10-40 pig in the experimental samples, determined 
by the method of Hamm [18]). The increased sensitivi- 
ty of liver mitochondria in rats with thyrotoxicosis to 
the addition of Ca ions has been described by Beyer, 


TABLE 2. Effect of Adding EDTA on the Effectiveness of Phosphorylation in 
Mitochondria of Rat Livers under Normal Conditions and in Thyrotoxicosis, with 


Hexokinase Purified to Stage 3 
Figures in parentheses are for P/O ratios 
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TABLE 3. Effect of Adding EDTA on Effectiveness of Phosphorylation in Mitochondria 
of Rat Livers under Normal Conditions and in Thyrotoxicosis, with Hexokinase Purified 


to Stage 5 
Figures in parentheses are for P/O ratios 
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Low, and Ernster [19}. In this connection further ex- 
periments were carried out with hexokinase prepara- 
tions purified to stage 5 and containing no Ca. In this 
case the value of P/O for liver mitochondria of rats 
with thyrotoxicosis remained low compared to the con- 
trols, but to a much less extent than in the first experi- 
ments. In work with purified hexokinase the addition 
of EDTA did not increase the coefficient of phosphory- 
lation (P/O). In experiments with a-ketoglutaric acid 
P/O decreased. This is shown in Tables 2 and 3. 

Liver mitochondria in thyrotoxicosis a~ very un- 
stable. The presence of a small amount of calcium 
sharply lowers the phosphorylation process in them, 
while mitochond.ia obtained from normal rats main- 
tain the P/O value much better and are less tonsitive 
to the additicn of calcium. The lowered e.fectiveness 
of the oxidative phosphorylation process in tiver mito- 
chondria in thyrotoxicosis and the greater sensitivity 
to calcium ions may be connected with the swelling 
process which occurs in the mitochondria during their 
“aging”, that is, keeping a prepared suspension of 
mitochondria for some time after isolation. 

The purpose of the experiments carried out in this 
direction was the comparison of the degree of swelling 
in “aging” of the mitochondria obtained from liver, 
heart, and skeletal muscle of normal :ats and those with 
thyrotoxicosis. 

In the determination of the optical density of sam- 
ples of liver and heart mitochondria they were kept in 
one of three solutions with the following compositions: 


Optical density, % 


A — 0.225 M sucrose and 0.02 M Tris buffer; B—the 
same composition as in A but with addition of CaCl, to 
a final concentration of 1:10  M; C — the same com- 
position as in A but with addition of EDTA to a final 
concentration of 1-:107* M. 

For determination of optical density of skeletal 
muscle mitochondria samples we also used three solu- 
tions with the following compositions: Ay — 0.184 M 
KCl; By ~ the same as Ay but with added 1-10~ CaCh; 
C, — 0.176 M KCI, 1-10? M ATP, 1-10°? M EDTA, and 
5-10 * M MgSQ,. In all cases the pH of the solutions 
was 7.4. 

The results (Figs. 1-3) show that in the first 10 
min the rate of swelling of the mitochondria of the 
liver of rats with thyrotoxicosis was much greater than 
normal. No actual difference in swelling during “ag- 
ing” of heart and skeletal muscle mitochondria in nor- 
mal or thyrotoxicosis conditions was observed. It is 
interesting to see that when “aging® is carried out in 
solutions which contain EDTA, swelling of normal liver 
mitochondria does not occur in 30 min. 

In thyrotoxicosis swelling of the mitochondria in 
the presence of EDTA occurs more slowly than without 
it, yet its occurrence is quite evident (Fig. 1, C). In 
the presence of calcium ions swelling of normal liver 
mitochondria is hastened; in thyrotoxicosis such hasten- 
ing sometimes also occurs, but is weaker than in the 
control and occasionally is absent. This can be ex- 
plained by the fact that liver mitochondria of rats with 
thyrotoxicosis have already undergone structural 


90 20 JO min 


Fig. 1. Change in optical density of samples of liver mitochondria suspended in 
solutions with different compositions and “aging” at 20°. Starting density 100%; 


C) controls; T) thyrotoxicosis 


Optical density, % 


10 20 350 min 


Fig.2. Change in optical density of samples of heart mitochondria suspended 
in solutions of different composition and” aging” at 20°. Starting density 100% 
C) controls: T) thyrotoxicosis 
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Fig. 3 


suspended in solutions of different composition and “aging® at 29°, 
C) controls; T) thyrotoxicosis 


density 100%: 


changes in vivo, and also in their separation from the 
homogenate and So are little sensitive to the action of 
such agents as Ca ions which hasten swelling. 

The addition of Ca in the concentrations used 
shows no notable effect on the swelling of mitochondria 
from heart and skeletal muscle. This can also be said 
of the addition of EDTA, in the presence of which the 
optical density of heart mitochondria of healthy rats 
is maintained even more poorly during “aging® than in 
thyrotoxicosis. 

In order to establish the point of intervention of 
thyroxine in the process of oxidative phosphorylation, 
we ran a Series of experiments on liver mitochondria 
of normal rats and those with thyrotoxicosis using differ- 
ent oxidation substrates. The results are given in 
Table 4. 

The data given in Table 4 show that in thyrotoxi- 
cosis the phosphorylation ccefficient P/O in the oxida- 
tion of a-ketoglutarate is decreased by 0.38, in the 
oxidation of succinic acid by 0.51, in the addition of 
cytochrome c and ascorbic acid by 0.34, and in the oxi- 
dation of 8 -hydroxybutyric acid by 1.16. It should be 
noted that in the oxidation of a-ketoglutaric acid or 
succinate the intensity of oxygenabsorption by the 
liver mitochondria of rats with thyrotoxicosis was high- 
er than in the control rats, while in the oxidation of 
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Starting 


cytochrome c in the presence of ascorbic acid and 
especially of B ~hydroxybutyric acid the relation was 
reversed. The addition of DPN to the experimental 
samples also had a different effect. When a-ketoglu- 
taric acid was used as the substrate of respiration, the 
addition of DPN did not cause a change either in absorp- 
tion of oxygen or in binding of phosphate. In the same 
experiments with § -hydroxybutyric acid the addition 
of DPN somewhat increased the oxygen absorption of 
normal liver mitochondria (from 6.0 to 7.4 jratoms) 
and considerably increased the respiration of liver mito- 
chondria in thyrotoxicosis (from 3.7 to 6.5 atoms), 
Binding of phosphate was also increased in both the 
normal and thyrotoxicosis states (by 2 atoms), but this 
did not lead to an increase in P/O. The phosphorylation 
coefficient when DPN was added decreased both in nor- 
mal and especially in thyrotoxicosis conditions. All 
these ratios are given in Table 5. 

The increased respiration of liver mitochondria when 


a-ketoglutaric acic was used as a substrate for oxidation 


is found in the relatively early stages of thyrotoxicosis, 
and then, in the later stages, respiration does not exceed 
the normal value or is even below normal (this was ob- 
served in the presence of Ca). In analogous experiments 
with 6 -hydroxybutyric acid the absorption of oxygen 
by the liver mitochondria of rats with thyrotoxicosis 


TABLE 4. Oxidative Phosphorylation in Liver Mitochondria of Normal Rats and Those 
with Thyrotoxicosis Using as Substrates for Respiration a+Ketoglutaric, Succinic, and 
8 -Hydroxybutyric Acids and Cytochrome c in the Presence of Ascorbic Acid. 

Each value is the average of experiments which give similar results. Figures in 


parentheses are P/O ratios. 
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TABLE 5. Effect of Addition of DPN on Oxidation of a-Ketoglutarate and 8 -Hydroxy- 
butyrate and Its Coupling with Phosphorylation in Rat Liver Mitochondria. 
Incubation 30 min at 26°. Figures in parentheses are P/O ratios 
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TABLE 6. Absorption of O, and Binding of P by Rat Liver Mitochondria and in 


Thyrotoxicosis of Varying Activity 


Respiratory substrate: a-ketoglutarate and 6 -hydroxybutyrate; 40 and &P in pmoles 
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was at first slightly decreased and then, as thyrotoxico- 
sis developed, the lowering of respiration progressed and in 
a fuil case was very marked. These data are given in 
Table 6. 


DISCUSSION OF RESULTS 

In comparing respiration and binding of mineral 
phosphate by rat liver, skeletal muscle and heart mito- 
chondria in thyrotoxicosis caused by consumption of 
thyroidin, we have shown that damage to the oxida- 
tive phosphorylation is found only in liver mitochondria. 
This damage has a number of characteristic peculiari- 
ties which have been shown in the work. Before trying 
to treat the established facts, we must consider some 
material from the literature. Emmelot and Bos [20] 
found in experiments in vitro that thyroxine facilitates 
the dissociation of dehydrogenases, especially glutamic 
dehydrogenase, which use DPN as a coenzyme. It is 
known that the content of DPN in liver mitochondria 
of rats with thyrotoxicosis is decreased [5]. It is also 
known that a-ketoglutaric and & -hydroxybutyric acids 
are substrates which are oxidized with participation of 
DPN. According to Lehninger [21], DPN is “a sensitive 
component, with which thyroxine reacts* According 
to the data of Huenneken and Green [22], under the 
influence of various factors such as arsenite, DPN is 
more easily split from 8 ~hydroxybutyric acid dehydro- 
genase than from the more complex in structure a- 
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a-Ketoglutaric acid was added in the amount of 30 p moles 


ketoglutaric acid dehydrogenase. Liver mitochondria 
in fatty degeneration of the organ swell, lack cyto- 
chrome c and easily lose it during incubation (23). 

Considering these and other literatuze data, we are 
inclined to interpret our results as follows. We assume 
that in beginning thyrotoxicosis there is damage to 
the mitochondrial structure accornpanied by increase 
in the permeability, more rapid swelling and displace~ 
ment of the oriented arrangement of the enzyme com- 
plex [21,24]. In thyrotoxicosis in vivo and also in the 
process of separation from the homogenates, liver mito- 
chondria lose DPN which passes into the surrounding 
medium. This is accompanied by further liberation of 
DPN from its complex with protein, especially from 
the easily dissociated dehydrogenases. These include 
the 8 -hydroxybutyric acid dehydrogenase of liver mito- 
chondria. In vivo and in the isolation from homoge- 
nates, liver mitochondria lose part of the cytochrome 
c¢ also. Thus the mitochondria isolated from the liver 
of rats with thyrotoxicosis are characterized by in- 
creased permeability, loss of some quantity of DPN ~ 
and cytochrome c, and change in internal structure 
which causes greater sensitivity to various reagents, 
expecially Ca ions. 

As a result of partial loss of DPN the oxidation of 
8 ~hydroxybutyric acid falls progressively as thyrotoxi- 
cosis increases; this affects the oxidation of a-keto- 
glutaric acid to a slight extent, and only in the deeper 
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stages of thyrotoxicosis or with additional unfavorable 
reagents (Ca ions). Because of a different structure of 
succinic dehydrogenase and a different localization of 
it in the mitochondria [25] the oxidation of succinic 
acid in all the stages of thyrotoxicosis which were 
studied remained high. The reason for this, like the 
reason for the higher utilization of oxygen in the pres- 
ence of a~ketoglutanc acid is the increased permeabi- 
lity of the mitochondria and the excess penctration, 
which results because of this,of the substrates of oxida- 
tion into the mitochondria during incubation. In the 
mitochondria of pigeon breast inuscle when a-keto- 
glutaric acid is oxidized there is a similar effect, a 
rise in permeability of the mitochondric during “aging® 
on which the higher oxygen consumption depends [17]. 
Only when the loss of DPN and hence the decreased 
activity of dehydrogenases surpasses tl.o stimulation 

of respiration as a result of greater permeability of 

the respiratory substrate will the uptake of oxygen by 
the mitochondria be lowered. In favor of these ideas 
are the results of experiments on adding DPN (1.5 
umole per sample) in the oxidation of B ~hydroxybuty - 
tic acid, when the absorption of oxygen almost reaches 
the value in the control experiments. In the experi- 
ments with addition of cytochrome c and ascorbic acid 
to the liver mitochondria, absorption of oxygen in 
normal and thyrotoxicosis experiments was almost the 
same. 

We now come to a consideration of the process of 
phosphorylation coupled with respiration. There can 
be no doubt of the importance for this of a complete, 
ordered structure in the mitochondria. From this point 
of view, it is quite understandable that, because of the 
loss of DPN by easily dissociated dehydrogenases, and 
chiefly 6 ~hydroxybutyric acid dehydrogenase, the 
structural configuration of just this part of the mito- 
chondria will be damaged, and phosphorylation cou- 
pled with this section of the respiratory chain will be 
most sharply altered. The addition of DPN from with- 
out will raise and continue to raise the oxidation of B- 
hydroxybutyric acid, but cannot assure orientation of 
the internal structure of the mitochondria or restoration 
of the damaged phosphorylation. In the oxidation of 
8 -hydroxybutyric acid besides the first, sharpest inhibi- 
tion of phosphorylation, there is also partial damage to 
the later, third stage connected with the section of the 
respiratory chain between cytochrome c and oxygen. 

Phosphorylation which occurs in the oxidation of 
a-ketoglutaric acid is damaged relatively slightly. The 
substrate of phosphorylation in thyrotoxicosis is not des- 
troyed [5]; the complex of protein with the coenzyme 
which makes up the structure of the oxidase of a-keto- 
glutaric acid is stronger than the dehydrogenase of 
6 ~hydroxybutyric acid and there is no reason to expect 
damage to phosphorylation in this stage. Only the 
fourth phosphorylation, connected with the oxidation of 
a~-ketoglutaric acid, which relates to the last part of 
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the respiratory chain (from cytochrome c to oxygen) is 
damaged and on this depends the decrease in the P/O 
coefficient on the average by 22.1%. 

Two phosphorylations are connected with the pro- 
cess of oxidation of succinic acid. Evidently only the’ 
lattcr of these is damaged to the same extent as in the 
oxidation ofa-ketoglutaric acid, but this leads to a 
considerably greater decrease in P/O, by 26%. The 
reascn for the damage to phosphorylation in the last 
stage of the respiratory chain can be considered to be 
the loss of some part of the cytochrome c which enters 
into the orienteu mitochondrial structure, so important 
for complete phosphorylation in this part of the respira- 
tory chain. The loss of cytochrome c which determines 
the damage to phosphorylation connected with oxidation 
of each of the substrates cannot be replaced by addition 
of cytochrome c from without. This addition, as in the 
case of DPN, can restore only the uptake of oxygen 
which occurson the surface of the mitochondria and not 
the phosphorylation coupled with it which requires a 
definite structure of the substance. Therefore it is in 
these experiments with addition of cytochrome c and 
ascorbic acid to the liver mitochondria of rats with 
thyrotoxicosis that we find such clear damage to phos- 
phorylation and such sharp decrease in the P/O coeffi- 
cient. 

We support this idea by giving approximate quanti- 
tative calculations. In the experiments with addition 
of cytochrome c and ascorbic acid the decrease in co- 
efficient of phosphorylation in liver mitochondria in 
thyrotoxicosis is about 60%. Actually, this decrease is 
probably not so great, for in the experiments with mito- 
chondria of normal liver, P/O was equal to 0.53 instead 
of 1, We will assume that actually the coefficient P/O 
is decreased in the later stages of the respiratory chain 
by 50% and equals 0.5. This means that if, of the four 
phosphorylations connected with oxidationof a-keto- 
glutaric acid, three occur normally and the fourth, the 
last, is 50% damaged, then the P/O should decrease 
by 12.5%. Actually, the P/O decreases on the average 
by 12.1%. The same calculation for succinic acid 
should give a decrease of P/O by 25%; we actually 
find a decrease of 267%. Finally, for 8 -hydroxybutyric 
acid the destruction of the last of the three phosphory- 
lations, cytochrome, by 50% would cause a 17% de- 
crease in P/O. Actually on the average, the P/O de- 
creases more than 407%. This means that damage to 
the first phosphorylation coenzyme, connected with 
oxidation of 8 -hydroxybutyric acid, is expressed most 
sharply and is about 70%. 

This material permits us to draw one more conclu- 
sion, that each of the three phosphorylations connected 
with transfer of hydrogens and electrons in the respira- 
tory chain is to some extent autonomous. For example, 
in the damage of the first phosphorylation connected 
with the transfer of hydrogen and electrons from DPN-H 
to flavoprotein, the second can remain unchanged. 





With complete carrying out of the second phosphoryl- 
ation or of the first two, there may be damage to the 
third, connected with transfer of electrons from cyto- 
chrome cto oxygen, etc. The details of the mechan- 
ism of phosphorylation and the degrees of interrelation 
remain unclear, but to a great extent they are rather 
independent of each other; on the basis of the data 
this cannot be doubted. 

Treatment of the changes in oxidative metabolism 
of liver mitochondria in thyrotoxicosis can hardly be 
limited by the materials discussed here. However, it 
seems expedient to report these ideas, since they agree 
well with the facts established in the work and the 
results of the experiments which were carried out. 


SUMMARY 

We have studied respiratory phosphorylations in 
mitochondria of liver, skeletal muscle, and heart 
muscle of normal rats and those with thyrotoxicosis 
produced by feeding thyroidin. 

Respiratory phosphorylation in liver mitochondria 
shows damage in thyrotoxicosis. The addition of cal- 
cium sharply strengthens the uncoupling effect, caus- 
ing considerably more decrease in P/O than in the 
liver mitochondria of healthy rats. 

Respiratory phosphorylation in heart and skeletal 
muscle mitochondria of rats with thyrotoxicosis is not 
damaged and is not more sensitive to addition of Ca 
ions than it is in normal animals. 

In thyrotoxicosis the increased swelling under con- 
ditions of “aging” is found only in mitochondria isolat- 
ed from the liver. The mitochondria of heart and ske- 
letal muscle do not differ from the controls; that is, 
swelling of the mitochondrial structures is correlated 
with uncoupling of respiration and phosphorylation. 

Absorption of oxygen by the liver mitochondria of 
rats with thyrotoxicosis in the oxidation of cytochrome 
c in the presence of ascorbic acid and especially in the 
oxidation of 8 -hydroxybutyric acid shows a decrease. 
Under these conditions there is also a considerable de- 
crease in phosphorylation and the P/O coefficient is 
sharply decreased. When succinic acid or a-ketoglu- 
taric acid are used as the respiratory substrate, oxygen 
absorption by liver mitochondria in thyrotoxicosis is 
increased. The decrease in P/O is shown to less ex- 


tent, especially in the oxidation of a-ketoglutaric acid. 


The mechanism of these effects and their relation to the 


stages of depth of the thyrotoxicosis has been analyzed 
and discussed. 
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During the occurrence of radiation injury, one of 
the chief and earliest signs is a change in nucleoprotein 
metabolism in different organs and tissues (1,2). There- 
fore it is natural that attention has been paid to the in- 
vestigation of changes in nucleoprotein metabolism in 
irradiation. Most interesting is the study of changes of 
the DNA which is concentrated in the nuclear apparatus 
of cells. The work of many investigators has shown the 
depression of DNA synthesis in radiation [1,3-5], lower- 
ing of its total amount [1,6,7], lowering of the rate of 
radiophosphorus uptake in DNA [1,8-11], etc. Some in- 
vestigators connect the deep changes which occr in DNA 
metabolism, and especially in its synthesis, with changes 
in its macromolecular structure. 

It is well known that in irradiation of a water solu- 
tion of DNA with a high dose of penctrating radiation 
(28,000 - 120,000 r) there is a sharp fall in its structural 
viscosity, which indicates depolymerization of the acid, 
and the degree of depolymerization depends on the do- 
sage of radiation and on some other factors [12-21]. 
There is evidence [22] that lower doses (to 2500 r) do 
not cause a lowering of structural viscosity of DPN when 
it is irradiated in vitro. 

In studies carried out in vivo [13,23] it was shown 
that under these conditions irradiation even in doses of 
250-1000 r caused depolymerization of DNA, but only 
in radiosensitive organs (spleen, thyroid gland), while 
in radioresistant organs (brain) depolymerization of DNA 
cannot be found even with high doses of irradiation (up 
to 10,000 r). 

An idea of the difference in stability of spleen and 
brain DNA to the action of x-rays could not be confirmed 
however in experiments in vitro, as it was shown that 
the fall in structural viscosity of DNA preparations iso- 
lated from spleen and brain occurs in the same way after 
irradiating them in vitro with doses of 50,000 and 
100,000 r. On this basis it was suggested [13] that the 
reason for the difference in degree of depolymerization 
of DNA in experiments in vivo in different tissues must 
be sought in a change in reaction of DNA with the sub- 
stances which accompany it in the tissue. 
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However, the possibility is not excluded that in 
radiosensitive tissues, in which the processes of new for- 
mation of cellelements are energetically carried out, the 
DNA and the special enzymes which take part in its syn- 
thesis are concentrated in a definite microstructure of 
the cell which is especially accessible topenctrating, ta- 
diation [1]. 

From this point of view it is of interest to study the 
degree of depolymerization of DNA after irradiation by 
x-rays in the same organ, but in different stages of onto- 
genesis. It is known that the degree of radiosensitivity 
of a tissue usually depends directly on the intensity of 
cell mitosis, and the mitotic activity of the cells of an 
organ changes in ontogenesis. A study of this question is 
the problem of our work. As the organ which has prac- 
tically no mitotic activity in the mature animal, but a 
sufficiently high activity in definite embryonic stages, 
we have chosen the liver. 


METHODS 
As experimental animals we used white rats weigh- 
ing 120-250 g, new born rats, not more than 24 hr from 
the time of their birth. and rat embryos of 18-21 days 
development. In the study of the newbom sats and the 
embryos we used litters of 3-5 animals. 


Conditions of irradiation: 185 kv, 10 ma, focus 
distance 30 cm, filters 0.5 mm Cu and 1mm Al. Total 
dose 1000 r, and for some experiments 2000 r (at 55 or 
47 r/min). The animals were irradiated in a special 
wooden box for three rats. Twenty-four hours after the 
irradiation, the animals were killed, as in the experi- 
ments of Kuzin and Budilova [13]. 

Deoxynucleoprotein (DNP) was extracted from liver 
by the method of Mirsky and Pollister in the modifica 
tion of Kuzin and Budilova [13]. Liver tissue was ground 
in a homogenizer with double the volume of cooled 
0.9% NaCl prepared in 2 M citrate to inactivate depoly- 
merases, The homogenate was transferred quantitative- 
ly to a centrifuge tube and centrifuged for 20 min at 
4000 rpm. The precipitate was washed with an equal 
volume of 0.9% NaCl in 1 M citrate and twice with 





0.97 NaCl. In the treatment of the livers of newborn 
rats and embryos, the precipitate was washed 4-6 times 
(3 times with 0.9% NaCl in 1 M citrate and 3 times with 
0.97 NaCl) to remove contaminating mixtures of blood. 
In centrifuging the carefully stirred homogenate, the 
erythrocytes precipitated on the bottom of the tube. 
Extraction of the DNP was carried out with 25 times the 
volume of 107, NaCl (insome cases, with 20 times the 
volume) for 4% hr in a refrigerator. The length of time 
of the extraction did not change the results of the experi- 
ments. The solution was filtered through a coffee filter 
Precipitation of DNP from this solution was carried out 
by the action of ten times the volume of distilled water, 
cooled in the refrigerator. The DNP fibers were again 
dissolved in 107 NaCl. Then precipitation of DNA from 
DNP was carried out by shaking with 4 the volume of a 
mixture: chloroform-isoamyl alcohol (1:9). The proce- 
dure was repeated as long as, at the boundary of the two 
media, a white, gelatinous precipitate was formed. DNA 
was precipitated from the solution in the cold with 
double the volume of 96% alcohol and was washed with 
96% and 70%) alcohol. The DNA preparation was kept 
in a desiccator over CaCl. We used 0.4% and 0.2% 
solutions in the work. We found that in measuring the 
structural viscosity in water solutions it was more satis- 
factory to use 0.47 solutions. 

The structural viscosity of DNA was measured by a 
Rubinshtein capillary viscosimeter [24]. M..«suremens 
were Carried out at temperatures from 0 to 3° at pres- 
sures of 40-400 mm of water. The relative viscosity 
was calculated by the formula: 


Pt 
n/n, Pa’ 


where P is the pressure in mm water, t, the time in 
seconds, Pg and t, the same for water. 

In graphing the structural viscosity of DNA we laid 
out on the ordinate the values of the relative viscosity, 
and on the abscissa the pressure. 

In each solution after measuring the viscosity we 
determined the phosphorus content in order to establish 
the equilibrium concentration of the substances studied. 
In order to determine the possibility of change in mole- 
cular weight of DNA after total irradiation of the ani- 
mal, we ran experiments on measurement of the char- 
acteristic viscosity of preparations from livers of irradi- 
ated and unirradiated newborn rats. 

Determination of the viscosities was carried out 
with an Ostwald viscosimeter at pH 6.4 and tempera- 
tures from 9 to 2° [25-28]. The specific viscosity was 
calculated according to the formula sp = "rel ~ 1. 
Then we constructed a graph of the relation of Msp /C 
to C(C is the concentration of DNA in g/100 ml) 
where C 0. n;,,/C was laid out on the ordinate, C 
on the abscissa. The portion cut off on the ordinate by 


° 


the direct dependence of 9,,/C on C also determines 
the characteristic viscosity. The linear equation is 
mg, /C =[n] + a,C, where [+] is the characteristic vis- 
cosity, a, the tangent of the angie of slope of the 
Straight line to the abscissa [29]. 

For preparations of the histological material the 
livers of the newborn and embryos were taken whole, 
and the livers of mature rats had one lobe fixed accord- 
ing to Buden in 127, formalin [30] and were embedded 
in celloidin. Sections were made with a thickness of 
8. The amount of mitosis was counted in the 50 
field of view of the microscope. We counted separate- 
ly the amount of mitosis in the epithelial cells of the 
liver, in the connective tissue cells, and in the blood. 
The sections were stained by the method of Weigert 
and Haidenhain [30]. In this work we used a magnifi- 
cation in the microscope of 90 x 7. 


RESULTS 

Experiments carried out on mature animals showed 
that change in structural viscosity of liver DNA when 
the rats were irradiated with doses of 100 rf could not 
be found (measurement of the structural viscosity in 
this case was carried out in 0.5% solution of DNA). 

As Fig. 1 shows, the curves of structural viscosity 
for DNA from livers of irradiated and unirradiated 
animals in a number of cases agree almost completely 
with experiments 14 and 16, With measure~ 
ments in 0.27. solutions of DNA the same relation is 
apparent, but the curves fall considerably lower and 
the graphs are not so clear (the beginning of these 
curves is found in the region 1/19 = 25-35). When 
animals are irradiated with a dose of 2000 r the struc- 
tural viscosity of liver DNA also does not disappear 
(experiment 38, Fig. 1). 

The next series of experiments was run on new- 
born rats. In this case also we found the same picture; 
the structural viscosity of liver DNA on irradiation of 
animals with 1000 r or 2000 r was retained and re- 
mained practically the same as for DNA from the 
livers of unirradiated mature rats. The curves of 
change of structural viscosity for irradiated and un- 
irradiated animals scarcely differed from each other 
(experiments 20 and 23, 15 and 22, Fig. 2). The 
curves of structural viscosity of liver DNA from ani- 
mals which received 2000 r agreed with the curves for 
liver DNA of animals which received 1000 r (Fig. 2). 

The third series of experiments related to rat em- 
bryos. We were also unable to establish a difference 
in the course of the curves of structural viscosity of 
embryo liver DNA for irradiated and unirradiated ani- 
mals (Fig. 3). In this series of experiments the struc- 
tural viscesity of liver DNA did not disappear even 
with total irradiation of the animals with a dose of 
2000 r (experiment 40, Fig. 3). In this case we can 
only note some lowcring in the initial DNA viscosity 
(curve begins somewhat lower than in the experiments 
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with newborn and adult rats). In addition we should 
note that the structural viscosity of the DNA from such 
a radiosensitive organ as the spleen is greatly lowered 
in irradiation with doses of 1000 r (Fig. 4), as was ob- 
served by Kuzin and Budilova [13]. 

The last series of experiments was related to a 
study of the effect of radiation of animals on the mole- 
cular weight of the DNA. As is known, [1] = KM% 
where [7] is the characteristic viscosity, M the molec- 
ular weight, and K anda are coefficients which are 
constant for solutions of polymer homologous series in 
a given solvent. 

Hence, at equality the characteristic viscosity of 
both forms of DNA in the same solvent can indicate 
equality of molecular weight of both preparations. As 
the graph shows (Fig. 5), irradiation under our condi- 
tions does not produce a marked change in characteris- 
tic viscosity, and hence, in molecular weight. 

The change in slope of the lines in Fig. 5 with re- 
tention of the limiting values of the characteristic vis- 
cosity can indicate a slight strengthening in the reac- 
tion of the irradiated molecules with the solvent, with 
retention of the whole unchanged macromolecular con- 
figuration and molecular weight. This change could 
depend on a second stage change of the separate parti- 
cle of the macromolecules, for example because of 
rupture of single hydrogen bonds. 


DISCUSSION 
It follows from the results given above that the 


establishment of a relation between size of lowering of 
structural viscosity of DNA and intensity of mitosis in 
the same organ (the liver) at different stages in its onto- 
genesis was not successful. 

These results obviously contradict the widely held 
opinion that the radiosensitivity of a tissue (in the sense 
of the possibility of a rapid development in it of des- 
tructive changes) is in general proportional to its repro- 
ductive ability. However, it should not be forgotten 
that at the present time considerable exceptions to this 
rule are known. 
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In discussing the experimental material it seems 
important and interesting to make a count of the mito- 
sis in a liver section from irradiated and from unirradi- 
ated animals (Table 1). 

Table 1 shows that mitotic activity is highest in 
embryonic stages of development; it falls considerably 
in the newborn and is practically absent in adult ani- 
mals. It should be noted that the greatest part of the 
liver snitosis in the animals which we studied occurs in 
the cells of hepatic tissue. Irradiation of the animals 
with 1000 r practically completely suppresses mitotic 
activity in the liver cells (embryonic) or lowers it 
markedly. 

Thus we can say that in this case there is no paral- 
lelism between the intensity of mitosis in the tissue and 
the degree of depolymerization of DNA. 

In order to obtain complete assurance of the correct- 
ness of this conclusion, we decided to determine the 
mitotic index in embryonic liver tissue and the livers of 
the newborn before irradiation and to compare this with 
the same values for some of the other radiosensitive and 
radioresistant organs. The mitotic index in this case is 
expressed as the number of cells undergoing mitosis per 
thousand cells of the studied tissue. The data which 
characterize the mitotic index for liver tissues are given 
in Table 2. 

Table 2 shows that the intensity of mitotic activity 
falls with age of the animal. 

The average data for some other organs of the rat 
which we have taken from the work of Chéng[31) are 
given in Table 3. 

By comparison of our data, given in Table 2, with 
the literature data (Table 3) we see that in the liver of 
embryos and newborn animals the mitotic activity is 
sufficiently high. In embryonic livers it is even higher 
than in such radiosensitive organs as the intestines of 
adult rats. According to the results of O. Chéng, the in- 
tensity of mitosis in radiosensitive organs may in some 
cases be not only not higher, but even somewhat lower 
than in radioresistant organs (for example, thyroid gland 
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Fig. 5. Characteristic viscosity of liver DNA solutions from 
newborn rats. 1) DNA from livers of unirradiated animals; 


2) DNA from livers of irradiated animals. 





TABLE 1. Mitotic Activity of Rat Liver Cells 
Average results, 50 field of view. 


Unirradiated 
animals 


Irradiated 
Stage develop- animals 


ment of animal 


Embryos (18-20 
days) 

Newborn 

Adult 


TABLE 2. 


Stage develop- 
ment of 
animals 


Embryos (18-21 
days) 

Newborn 

Adult 


TABLE 3. Mitotic Index of Different Organs 
of Adult Rats (31) 


Organ studied Mitotic index 
Crypt of small intestine 
Cortical substance of 
thyroid gland 
Corneal epithelium 
Epidermis of ear 
Epithelium of esophagus 
Adrenal cortex 


and epidermis of the ear). 

All this forces us to believe that at the present time 
we still have not been able to characterize in enough de- 
tail either the morphological or biochemical factors 
which determine the radiosensitivity of organs and 
tissues. In particular we must know for this the distribu- 
tion, in the different microstructures of the cell, at dif- 
ferent stages of development, of the enzymes which 
take part in the synthesis, splitting, and depolymerization 
of DNA. Further histochemical and biochemical studies 
of this important problem are required. 


SUMMARY 
We have studied the structural viscosity of DNA 
from the liver of rat embryos, newborn, and adults after 
irradiation of the animals with x-rays in doses of 1000 
and 2000 r. 
After irradiation of the embryos and newborn rats 
in doses of 1000 r and after 24 hours, the mitotic activi- 
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ty of the liver cells fell to 0 in the embryos and by 50% 
in the newborn; nevertheless, the structural viscosity of 
the DNA isolated from the livers was practically un- 
changed. 

The characteristic viscosity of liver DNA from new- 
born rats before and after irradiation of the animals with 
x-rays in doses of 1000 r was practically unchanged, 
which indicates the absence of change in molecular 
weight of the DNA under these conditions. 

Thus, we have not succeeded in demonstrating a 
parallelism between degree of depolymerization of DNA 
in rat livers under the influence of x-rays and the inten- 
sity of cell mitosis. 

We consider it a pleasant duty to express thanks for 
the valuable advice and discussion of our results from 
Prof. S. E. Bresler and Candidate in Physicomathemati- 
cal Sciences S. Ya. Frenkel’. 
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In various biochemical investigations it often be- 
comes necessary to determine very small amounts of 
sulfur of organic compounds in animal tissues. A sim- 
ple and reliable micromethod for sulfur determination 
is particularly necessary in work with sulfur-containing 
radioactive compounds when it is essential to determine 
the specific radioactivity of these compounds. The me- 
thods described in the literature [1-4] require complex 
apparatus, lengthy preparations, and much analytical 
practice,so that they cannot always be used. 

All these methods consist of two operations: the 
mineralization of the samples and the direct determina- 
tion of the sulfur. One author [1] carries out combus- 
tion by the Carius method, that is, the sample with an 
oxidizing substance (NaBr + HNOg) is placed in a glass 
tube and heated in a tubular oven to 300° for four hours. 
Other investigators [2-4] prefer open burning, in which 
the combustible substance is placed in a tube with a 
mixture of acids (607% HC10,, concentrated HNOy, and 
HCl) and kept on a special air bath at 250-260° for 6-8 
hr. 

The first process is unsuitable, since it requires the 
presence of glass blowing apparaws for sealing the sam- 
ple in the tube of heat resistant glass. The second me- 
thod is expecially complex because of heating the sub- 
stance being burned with a mixture of acids which con- 
tains perchloric acid; great care must be taken due to 
the possibility of explosions. Also it is necessary to fol- 
low the course of the temperature for several hours dur- 
ing the combustion and this is difficult to do in practice. 
Determination of sulfur in the material after combustion 
is usually based on the formation of the insoluble preci- 
pitate in the reaction of sulfate with benzidine. Thus, 
in the work of Dodgson and Spencer [5], and later in the 
paper of Nechacva [4] use was made of the method of 
precipitating the sulfur by a solution of benzidine and 
later obtaining a color reaction by the reaction of 
diazoized benezidine with thymol in an alkaline medi- 
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um. In this method of determination the developed 


‘ color obeys the Lambert-Beer law only within very nar- 


row limits, and this is a source of possible errors. 

Our attention was attracted to the method des- 
cribed in the work of SchSniger [6], intended for the 
analysis of pure pharmaceutical preparations. The 
essential point of the method is that a sample of the 
substance to be studied is burned in a piece of ash-free 
filter paper in a flask filled with oxygen. The products 
of combustion are absorbed by a solution of alkali on 
the bottom of the flask. The author determines the cor 
tent of sulfur in the solution by compleximetric titra- 
tion. This process cannot be used in the case of study~ 
ing samples of biological materials because of the oc- 
currence in the medium of cations which react withthe 
complex forming substances. We have changed the me- 
thod of SchBniger and worked out a technique for analy- 
sis designed for determination of sulfur in animal tis- 
sues. Combustion of the material is ca-ied out by a 
dry process in an atmosphere of oxygen, as with 
Sch®niger, but the basis for our determination of sulfur 
is not a colorimetric process but a method of microti- 
tration of the precipitate of benzidine sulfate by an al- 
kaline solution. 


EXPERIMENTAL 
Reagents:® 2N KOH; 30% hydrogen peroxide; 
1.4-1.3 N TCA; ash free filters;ft cresol red 0.1% in 
20% alcohol; gaseous oxygen from a steel cylinder; i% 
solution of benzidine base in 95% alcohol ;95% alcohol, 
Apparatus : For combustion of the samples it was 
necessary to have sevezal conical flasks with capacity 


* All the reagents were tested for sulfur content and 
were prepared in twice distilled water. 

Tf the filters were contaminated with sulfur, it was 
necessary to boil them rapidly in 1 N HCl, wash with 
water, and dry. 
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Flask and filter for combustion of 
sample of the substance studied. 
Designations given in text. 








250-300 ml with good ground glass stoppers (Fig.). The 
flasks and stoppers should be made of heat resistant 
glass. 

On the stopper there was a glass hook, a, to which 
was attached a platinum wire, b. The lower part of the 
wire was bent in the form of a holder for attaching the 
filter with the sample of substance to be studied. The 
diameter of the wire should be about 0.7-0.9 mm; finer 
wire melts during burning of the sample. The neck of 
the flask had a bent back edge, c. For wrapping the 
sample we used a filter of the form shown in the figure. 
The sample was placed in the center of the filter, d, 
after which it was folded along the dotted lines. 

Course of the analysis: A sample of the substance 
to be studied, wrapped in the ash free filter was 
attached to the platinum wire in such a way that the 
strip of filter paper e hung downward. In the flask was 
placed 5-10 ml of water, 1 ml of 2 N KCH, 3-4 drops 
of 30% H,O,, and then the flask was filled with gaseous 
oxygen from the steel cylinder. The end of the filter 
paper which hung down from the packet with the sam- 
ple was ignited, and the flask was quickly closed with 
the stopper. At the moment of burning the sample it 
was necessary to hold this with the hand so that none 
of the gases formed escaped. A little water was placed 
in the bent back edge of the neck. After 30 min, the 
flask could be opened. Since after the flask had cooled 
and the products formed had been absorbed a vacuum 
existed in the flask, the water added to the neck of the 
flask was sucked in and washed the joint. 

The platinum wire and tne stopper were washed 
with a small amount of water. The contents of the 
flask were transferred quantitatively to a glass beaker, 
for which the flask was rinsed 4-5 times with small 
portions of water. The solution in the beaker was evap- 
orated dry under an infrared lamp (500 w). The dry re- 
sidue was dissolved in 2.5 ml of TCA (1.3-1.4 N) so 
that its final concentration was 7.5-12%. Two ml of 
this solution were measured intoa centrifuge tube and 5 
ml of 1% benzidine solution were added. The solution 
was carefully stirred with a glass rod. The rod was 








washed with 2-3 drops of 95% alcohol. The tube was 
stoppered and left over night at 0°. The precipitate of 
benzidine sulfate was collected by centrifuging for 25 
min at 3000-4000 rpm. 

The solution was poured out by rapid inverting of 
the tube and was discarded. The tube in the inverted 
position was placed in a holder on filter paper. After 
1-2 min the edge of the tube was wiped with filter 
paper, washed on the outside with acetone, and again 
placed on filter paper. Then the edge of the tube was 
washed with ethanol and again placed on filter paper. 
After 1-2 min the edge of the tube was removed from 
the filter paper and turned upright. The precipitate was 
stirred with 2-3 drops of alcohol, 7 ml of alcohol was 
added, and the contents of the tube were carefully 
stirred with a glass rod. The rod was rinsed with 1 ml 
of alcohol. The precipitate was again colleeted by cen- 
wifuging and washed twice with 5 ml of alcohol with 
the same careful treatment of the edge of the tube. 

The precipitate, washed free of TCA, was stirred 
in 1 ml of distilled CO, free water, one drop of cresol 
red solution was added, and it was rapidly titrated with 
0.005 N NaOH (during the analysis it was necessary to 
devote particular attention to centrifuging and washing 
the precipitate). If the analysis of several samples is 
run at the same time, then, in order to avoid drying, 
they are moistened with a drop of CO, free water after 
the last washing and the samples are kept covered until 
the moment of titration, After titration, the same solu- 
tion can be used for radiometric study. 

Conwol of reagents: In a control sample we took the 
same filter paper for burning. Combustion and the whole 
courte of the analysis were carried out as in the experi- 
mental samples, Usually the correction for the reagents 
was small, on the order of 0.04-0.05 ml of 0.005 N 
NaOH. 


RESULTS 

For a cest of the method we studied the sulfur con- 
tent of standard preparations: streptocide, cysteine, 
methionine, and crystalline serum albumin.} Analysis 
of these preparations gave the following results. (Table 1). 

As Table 1 shows, in the determination of sulfur in a 
sample of streptocide on the order of 1 and 10 mg,the 
relative error of the determination lies within + 2.1%. 
The preparation of cysteine hydrochloride at the same 
time was checked by the Volhard method for its chlorine 
content. The results of the chlorine determination 
showed almost 100% agreement with the theoretical cal- 





+ The crystalline preparation cf serum albumin, ob- 
tained from beef blood serum by the method of 
Baranovskii, was kindly furnished by M. V. Glikina 
(Institute of High Molecular Compounds, Academy of 
Sciences of the USSR, Leningrad), to whom the author 
expresses thanks. The other substances were available 
to us as pure commercial preparations. 
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TABLE 1. Determination of Sulfur in Samples of Streptocide 


%S, 
calc. 


S found, 
vg 


Sample, 
mg 


S taken, | 


a 


1k66 IR. 62 
184% 
wig 
1915 

201.0 

100.0 

188.0 

207.3 j 


10.067 
10.227 
19.292 
10.352 
1.085 
050 
002 
090 


1874 
1904 
1916 
1927 
2012. 
195 .§ 
146.5 
203.6 


144.5 
171 0 
148.6 
140.4 
194.4 
182.4 
193.3 


141.0 20,35 
176 0 
148.9 
139.0 
200.0 
187.3 
191.5 


-710 
B40 
.730 
690 
.955 
JBOD 
0.950 


h S found 


18.54 
18.42 
18.6% 
18.50 
18.53 
18.95 
15.76 
19 Of 


Determination of sulfur in a sample of cysteine hydrochloride 


—3.5 
45.0 
40.3 


19.86 
20.95 
20.40 
2.1% —1.4 
20.9% 45.6 
20.93 15.2 
20.16 —1.8 


Determination of sulfur in a sample of methionine 


2.2 
” 
> 


1849 
295 


2032 


8.60 
10.00 
9.45 


2217 


1806 
2080 


culation. Thus it is clear from these data that the rela~ 
tive error in the determination of sulfur in a sample of 
cysteine (about 1 mg) is 2.9%, The other sulfur con- 
taining amino acid, methionine, in the analysis by our 
method was determined with a relative error of the same 
order, + 3.1%. 

In biochemical investigations it is often necessary to 
determine sulfur in protein preparations. As a standard 
protein preparation we studied crystalline serum albumin. 
The determination of sulfur in a sample of serum al- 
bumin gave the following resultz 


S found 
vB 


%S 
found 


Weight of 
protein, 
mg 
7.30 
8.90 
10.00 
9.90 


2.16 
2.18 
2.09 
2.16 


194 
209 
214 


According to the data of Neurath and Bailey [7] 
beef serum albumin contains 42 g atom of sulfur in 
69,000 g of protein (that is, 1.95% sulfur). Thus our re- 
sults agree fully with those in the literature. 

We also determined sulfur not only in the standard 
preparations, but in the TCA filtrate from rabbit muscle 
with and without addition of a weight of cysteine 
(Table 2). 

We obtained the TCA filtrate in the following way: 
rabbit muscle frozen and ground in liquid nitrogen or oxy- 
gen was extracted with ten times its volume of 5p ti- 
chloroacetic acid at room emperature for 15 min, After 
centrifuging, the extract was filtered. Two equal por- 
tions of this filtrate were transferred to a glass beaker 
which had first been weighed. To one of these a 
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—43 
4-67 
+448 


ee8 


21.0 
22.0 


TABLE 2. Determination of Sulfur in Trichloro- 
acetic Filtrate from Rabbit Muscle with and 
without Addition of Cysteine 


S content in| S content in 
added cysteine sam- 
weightof | ple calc, from 
cysteine, | ©xper. data, 


calc., mg } mg 


S found in |S found in 25 
25m1 of |mlof TCA 
TCA fil- | filtrate+ 


trate, mg cpatethet! 
8 


0.65 2.65 . 
2.04 ° 
2.61 
2.54 
2.57 


2.73 


0.59 
0.81 


sample of cysteine weighed on the analytical balaace 
was added. Both portions were evaporated on a water 
bath and after some time the resulting syrupy precipi- 
tate was treated (without removing from the bath) with 
a small amount of water (0.5 ml) and evaporation was 
continued. This procedure was repeated several times 
until the precipitate became dense and dry. The beak- 
er with the precipitate was placed over night in a 
vacuum desiccator with CaCk. The weight of the beak- 
er was taken and the weight of the precipitate was de- 
termined by difference. 

We quickly took the weight of this precipitate on 
an analytical balance (type ADB-200; it corresponded 
to about 3 ml of the trichloroacetic filtrate). Since 
the precipitate was hygroscopic, the weight was taken 
directly in the filter paper for combustion, For this 
purpose the filter paper was weighed on a small watch 
glass, then a certain amount of the precipitate was 
turned out onto it and it was weighed again. Combus- 
tion of the sample and determination of sulfur were 





carried out as described above. In the combustion of 
the pure trichloroacetic filtrate with a small sulfur con- 
tent there sometimes remained filaments which hin- 
dered further sulfur determination. Samples with added 
cysteine usually burned completely. Therefore we con- 
Sider it expedient in working with radioactive sulfur to 
add to the TCA filtrate a small amount of cysteine 
solution in the quality of a °carrier®, so that the final 
content of sulfur in the burned sample would be about 
0.2 mg. 

The resulting data show that the method permits 
determination of from 50 to 200 yg of sulfur in a sam- 
ple (which corresponds to 5-10 mg of protein) with a 
relative error of 4 Ip, 

In the case of a greater sulfur content in the sam- 
ple, titration can be carried out with more concen- 
trated alkali, for example with 0.02 N NaOH, as we 
did in the case of determining sulfur in a sample of 
cysteine on the order of 10 mg, or by taking for precipita- 
tion by benzidine a corresponcingly smaller ammount 
of solution. 


SUMMARY 
We have described a method for determining the 
sulfur of organic compounds in animal tissues which 
permits determination of from 50 to 200 yg of sulfur 


in a sample which corresponds to 5-10 mg of protein. 
The relative error of the method is 4 3~. The me- 
thod does not require complex apparatus, which is 
especially suitable for large scale analyses and in work 
with radioactive substances. The method permits si- 
multaneous running of several determinations. 

The author expresses thanks to A. L. Remizov for 
valuable advice in carrying out this work. 
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In 1935, Osborn [1] stated that ammonia freed dur- 
ing hydrolysis of proteins is derived from the amide 
groups of asparagine and glutamine. Direct proof of the 
presence in proteins of these amides was furnished for 
the first time by Damodaran [2], and also by 
Damodaran, Jaaback, and Chibnall [3], who found 
asparagine and glutamine in enzymic hydrolyzates of 
edestin and gliadin. In recent ycars, incontrovertible 
proof that asparagine and glutamine are integral parts 
of proteins was supplied by Singer [4] for insulin and by 
Moore et al. [5] for ribonuclease. 

On the other hand, Kretovich, Evstigneeva, and 
Plyshevskaya [6] demonstrated that when plant tissues 
are supplicd with ammonium salts labeled with heavy 
nitrogen the amide groups of free asparagine and gluta- 
mine are the most important forms in which the am- 
monia is incorporated. Kretovich, Evstigneeva, and 
Aseeva [7] showed by analysis of plant sap for levels 
of N" in various nitrogen fractions that the ammonium 
ion entering the root system from the soil is first bound 


in the form of amide groups of asparagine and glutamine. 


It is the purpose of this study to clarify whether 
there is a similar incorporaiion of ammonium nitrogen 
entering the root system into reserve proteins of the 
seed. In the course of two growing periods, experiments 
were performed with bean and wheat plants grown in 
soil supplied with an ammonium salt containing heavy 
nitrogen. 


RESULTS AND DISCUSSION 

The material investigated was a globulin of bean, 
phaseolin bean albumin, and also gliadin of wheat. 
Bean plants Phaseolus multiflorus coccineus L.) were 
grown in flats on a mixture of peaty humus and sand. 
During the period in which flowering was ending and 
pod formation was beginning, the first application of 
a 0.14% solution of N~H,NOs to the soil was made. 
Four more applications were made during the seed 
ripening period. The NH,NO, preparation used con- 
tained 9.5 atom percent (at. %) N*_ The collected 
seeds were dried in air, freed of seed coats and embryos, 
and ground. The meal was analyzed for moisture con- 
tent, total nitrogen, and N* content. 
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Results of the analyses are presented in Table 1. 

The first gliadin preparation (1957) was obtained 
from Moscow wheat grown in pots on peaty hurnus and 
sand. N“H,NO, was applied to the soil three times, in 
the heading stage, and the milk and waxy stages. The 
same preparation of N'°H,NOy was used as for bean, and 
in the same concentration. The second gliadin prepara- 
tion (1958) was obtained from Milturum 553 wheat 
grown in Novosibirsk® on soil characteristic of that re- 
gion. Plants were grown in pots and a solution of 
N HNO, containing 11 at, % N'S was applied to the 
soil at the following times: just before sowing, at the 
tillering stage, and at the heading stage. Mature seeds 
were dried in air, freed of embryos, and ground in 
a mortar, The meal was analyzed for total nitrogen 
and N“ content. Results are also presented in Table 1. 

Two preparations of phaseolin and two of albumin 
were obtained from the two samples of bean meal. Przo- 
tein was obtained by a two-fold extraction of the meal 
with three volumes of 107% NaCl in the cold. The ex- 
tract was centrifuged and then filtered through cheese- 
cloth. The clear solution of protein to which toluene 
had been added was then dialyzed for two days in the 
cold against distilled water until there was no longer a 
reaction to the chloride ion. The globulin precipitate 
was separated from the albumin solution by centrifuga- 
tion and then washed with distilled water three times 
to remove traces of albumin. The two proteins were 
finally dried by liophilization. Yield of protein from 
100 g of meal was 4.1 g of phaseolin and 2.4 of albu- 
min. 


Two gliadin preparations were obtained from the 
wheat meal by Kretovich's method [8]. The protein 
preparation was dried in alcohol and ether and then in 
a vacuum over anhydrous phosphorus, About 2 g of 
protein was obtained from 50 g of meal. Protein pre- 
parations were analyzed for total nitrogen and N** con- 
tent (analyses replicated four times). Data obtained are 
presented in Table 2. 


* We wish to acknowledge our indebtedness to Z. N. 
Galachalovaya for the gift of wheat seed. 





TABLE 1. N** Content of Bean and Wheat Meal 
SS 
Total N™ content 
jini eeanaeneetetame onintaiccansoeans 
Date nitrogen, enrichment excess at. % 
of dry wt factor 
Bean mea} 
1957 fr. 4.2 0.49 | 1.29 
1958 r. Si 0.53 1.40 
Wheat meal 
1957 r. as 2.24 | 5.89 
1058 r. 3 | — | 


TABLE 2. Total nitrogen and N’* Content of Proteins 


ee 


Total mtro- 
Date gen, Tcof 
dry wt. 


N'5 content 
enrichment 
factor 


excess 


at, % at.% 


Phaseolin 
1957 4.92 | 0.52 
18158 3: 0.52 
Bean albumin 
1957 ‘ 0.50 
1958 2. 0.48 | 


Gliadin. 


1057 | 2.31 | 


1958 1.20 


As Table 2 shows, gliadin was enriched with n¥ 
to the greatest extent; phaseolin and bean albuinin had 
considerably less N’*. It should be pointed out, more = 
over, that the enrichment of total nitrogen of both 
wheat and bean meal was practically the same as for 
the corresponding proteins. Total amide nitrogen, i.e., 
the sum of amide nitrogen of asparagine and glutamine, 
was determined in protein hydrclyzates by the method 
of Singer and Yemm [9]. 

A sample of protein to be hydrolyzed was placed 
in a glass ampule and to it was added 2N H,SO, and 
a few drops of isoamyl alcohol. Air was then removed 
from the ampule, which was sealed and placed in an 
oven at 105° and left there three hours. Usually about 
100 mg of protein is taken for hydrolysis in order to ob- 
tain a sufficient amount of nitrogen for analysis in the 
mass specuometer. The hydrolyzates of phaseolin and 


gliadin were slightly colored, and the albumin hydroly- 
zate was darker because of the presence of considerable 
amounts of humins. It was first established that both 
albumin preparations contained detectable amounts of 
carbohydrates as determined according to Treveljan 
[10]. The cooled hydrolyzates were adjusted to a weak- 
ly acid reaction by the addition of dry soda, and ammo- 
nia was then removed by vacuum distillation at 40°. 


The ammonia was swept out by addition of a phosphate- 
borate mixture and absorbed by a titrating acid in a 
Peligo tube. The’ absorbed ammonia in the form of an 
ammonium sulfate solution was analyzea ui a mass spec~ 
trometer after reduction of the solution volume to 3 ml. 
Data on tctal amide nitrogen and its N* content are 
presented in Tables 3 and 4. 

Determination of the amide nitrogen of glutamine 
was carried out by means of hydrolysis of 200 mg of 
protein dissolved in phosphate buffer at pH 6.4. The 
protein solution in sealed evacuated ampules was kept 
at 100° for 90 min, It was found that after hydrolysis 
the pH of the solution had hardly changed. 

The ammonia produced by hydrolysis of the amide 
group from glutamine was vacuum distilled and then 
tiated. The slightly acid titrated solution of (NHg})SO, 
was reduced to a volume of 3 ml and then analyzedina 
mass spectrometer. 

It should be noted that in determination of the 
amide nitrogen of glutamine in gliadin we encountered 
a number of difficulties. Under ordinary conditions of 
hydrolysis (phosphate buffer, pH 6.4, hydrolysis 90 
minutes) no reaction occurred, In view of the high con- 
tent of amide nitrogen in gliadin (in the 1957 prepara- 
tion, amide nitrogen 25.10% of total nitrogen, and in 
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TABLE 3. Nitrogen Content of Amide Groups and of Free and Bound Amino Groups 
in Phaseolin, Bean Albumin, and Gliadin 


N of amide 
groups 


N of amide N of amide 
group of asparay group of 
gine glutamine 


N of free and 
bound amino 


per §. 
| protein 


Phaseolin 


1957 
1058 


4.92 


15.32 


49.20 
53.20 


11.62 
16.455 


is | 969! 
[4 11. ‘to | 15.50 | 10.12 


6.48 1 301 137 


Fr o 
Ee 0.58 | 136 


Bean albumin 


1957 
1958 


8.45 
2.85 


-90 
28. 30 


7.03 
9.65 | 7.52 


| 125 


5.56 
6.49 


77.47 
118.85 


91. 


2.32 | 2.75 
8.35 1.32 | 1.03 92.48 


Gliadin 


1957 
1958 


17.64 
17.64 


176.1 - 
176.4 


44.18 
42.25 


25 10 
26.78% 


26.68 1 15.45 
34.00 1 17.57 


9.95 
9.24 


131.92 
129.45 


74.900 


io onl 
3.22 


16.30 


TABLE 4, Distribution of N“ in Amide Nitrogen and Nitrogen of Free and Bound Amino 


Groups 


am 


ent of N15 content of free 


NiScontentof | Ni¥content of the | N contentofthe [NS content of free 
deN 


(a OE eee 


pu amide spe 


ne amide | and bound amino 


& e 
re; 
3 


& 
a 
0 


& 
J 
a 


. 
~ 
< 


Phaseolin 


1957 
1958 


= , # 
a os 


| 
1.77 


0.56 


40 
-62 0.67 


0.19 


1.38 
0.29 | 4 


‘60 | 0:68 | 0: 


Bean albumin 


1957 of 
1958 47 


V.56 
0.56 


0.19 
0.18 


27 


29 


0.47 


f. 0.49 


0.10 
U.11 


1.61 
1.50 


0.56 
0.57 


Gliadin 


1957 
1958 


1.76 
0 82 


Q.75 
VU 95 


2.04 


= 2.43 
1. 20 | 2.51 


3.13 
1.28 


2.76 
0.90 


6.17 
3.17 


2.28 


| 0.38 
1.20 


0.57 | 3.52 


0.82 


Note. In 1957 the experiments, background n* level, 0.37 at. %; in the 1958 


experiments, 0.38 at. %. 


the 1958 preparation ~ 26.78%; according to Damodaran 
[2], amide nitrogen 25.527 of total nitrogen in wheat 
gliadin; according to Osborn [1] ~ 24.61%) and the high 
content of glutamic acid (46% of protein weight), it may 
be assumed that there is a fairly large number of gluta- 
mine residues in the gliadin molecule. 

Since we had reason to believe that the hydrolysjs 
would not occur because of poor solubility of gliadin 
under the conditions employed, we dissolved it in ethyl 
alcohol prior to hydrolyzing in phosphate buffer. A 
control hydrolysis of glutamine under the same condi- 
tions showed that alcohol does not interfere with hydroly- 
tic removal of the amide group. Even under these con- 


ditions, however, hydrolysis of the gliadin preparation 
did not occur. Evidently the amide groups of glutamine 
in gliadin are screened in such a way that they cannot 
be removed by ordinary fairly mild hydrolytic proce- 
dures. 

We were able to hydrolyze the amide group from 
glutamine by using harsher conditions as proposed by 
Ferdman and Silakova [11]. Hydrolysis was allowed to 
proceed for 10 minutes at 100° with IN #,SO,. Control 
experiments with asparagine and glutamine preparations 
showed, however, that under these conditions 20% of 
the amide nitrogen of asparagine is also removed. The 
data on glutamine amide nitrogen content of gliadin 








which are presented in Tables 3 and 4 are therefore 
somewhat inaccurate and requires correction for the 
partial hydrolysis of amide nitrogen from asparagine. 


Data obtained on the total amide nitrogen and 
glutamine nitrogen of the three proteins, as well as that 
relating to N® levels, can be used to calculate the 
amount of amide nitrogen of asparagine, the nitrogen 
of free and bound amino groups, and also the N¥ con- 
tent of these fractions. A sample calculation is 
presented below. 

Calculation of the N*® content of asparagine amide 
nitrogen was made as follows: 


In % of Enrichment 
Nrotal factor 
Total amide nitrogen 11,00 1,62 
Amide nitrogen of 
glutamine 0.83 LW 
Amide nitrogen of 
asparagine 10,12 X=1,60 


From this: 11,0 1,62=0,88% 1,77+10,12*X; X= 1.60 


Calculation of the N’* content of amino groups of 
phaseolin was made as follows: 


inlg Enrichment 

protein factor 
Total nitrogen 153,2 1,37 
Amide nitrogen 11,62 1,62 


Nitrogen of amino groups 141,58 X=1,34 
From this: 153.2% 1,37=11,62* 1,62+ 141,58 X;X=1,34 


From the data presented (Tables 3 and 4) it can 
be seen that phaseolin, bean albumin, and gliadin 
differ considerably in amounts of amide nitrogen. The 
data show that in these pre zins there is practically no 
difference between N* contents of the amino and 
amide nitrogen. In the earlier studies of Kretovich, 
et al. (6, 7], on the role of the amide group in incor- 
poration of ammonium nitrogen introduced into plant 
tissues or taken up through the roots, it was shown that 
frce amides — giutamine in sugar beet, asparagine in 
lupine seedlings, and both amides in pumpkin sap — 
contain significantly more N* in the amide group than 
in the amino group. The comparatively low level of 
N® enrichment of amide and amino groups which was 
found for the reserve proteins under study is also charac- 
teristic of proteins of plant sap [7]. The equal incor- 
poration of N*® into amide and amino groups of the 
three reserve proteins and the extremely low N® con- 
tent indicates that the amide groups of these proteins, 
in contrast to those of free amides, are formed not as 
a result of direct ainidation of the free carboxyls of 
the component glutamic and aspartic acids, but as a 
result of a prior synthesis of free amides and their uti- 
lization in protein synthesis. 











Similar results have been obtained by Folkes [12] 
in experiments with yeast and barley seedlings. On 
the basis of his data, he ventures the hypothesis that 
nitrogen assimilation processes are spatially separated 
from protein synthesis processes. This is indicated by 
the equal incorporation of ns into the various amino 
acids bound in protein and the significantly greater 
n* enrichment of free glutamic acid, which Folkes 
considers a primary product of nitrogen assimilation, 
together with glutamine. 

If this is true with respect to proteins of yeast 
and barley seedlings, then it is obvious that incorpora- 
tion into reserve proteins of seeds of N'5 which has 
entered through the roots in the form of ammonia, 
and also of that bound in the amide groups of free 
asparagine and glutamine, entails profound changes of 
these compounds; in other words, a number of meta- 
bolic reactions are involved. 

Thus, the amides entering into the composition of 
the reserve proteins under study, in contrast to free 
asparagine and glutamine, are secondary products of 
nitrogen metabolism and of redistribution of nitrogen 
in the plant tissues. 


SUMMARY 

The incorporation of N“& ammonium nitrogen into 
amide groups of bean (Phaseolus multiflorus) globulin 
and albumin and into wheat gliadin was investigated. 
Phaseolin and wheat gliadin differ from one another 
considerably in the content of amide nitrogen. Amide 
nitrogen of glutamine is particularly firmly bound in 
gliadin. Hydrolysis carried out under usual conditions 
does not release NHs. 

In the reserve proteins of plants absorbing N™ 
ammonium salts from the soil N'* content of amino and 
amide nitrogen shows practically no difference. 

n** content of amino and araide groups of reserve 
proteins is considerably lower than that of free amides 
in various tissues and in the sap of plants assimilatin 
N¥-ammonium salts. The equal incorporation of N 
into amide and amino groups of reserve proteins shows 
that they are formed as a result of the incorporation of 
secondarily formed asparagine and glutamine into the 
protein molecule during protein synthesis, and not as 
a result of amidation of free carboxylic groups of as- 
partic and glutamic acids bound in proteins. 
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The problem of the emergence of resistance by 


microorganisms to various antibiotics is an extremely 
essential one at the present time. The acquisition of 
resistance to antibiotics is apparently re!2ted to pro- 
found changes in the metabolism of microbial cells as 
a result of the destruction of their enzyme systems. 
Needless to say, the basic components of the bacterial 
cells have great significance in the process of acquisi - 
tion of resistant -nucleic acids and nucleoproteins. 
Smolens and Vogt [1] and Oeriu and co-workers [2] have 
shown that increase in resistance of the microorganism 
accompanies an increase in the ribonucleic acid con- 
tent (RNA). 

The object of the present investigation was to trace 
the dynamics of the quantitative changes in nucleic 
acids and nucleoproteins in the growth process of Sta~ 
phylococcus aureus 209-P, both sensitive and resistant 
to some antibiotics. 


MATERIALS AND METHODS 

Cultures of S. aureus 209-P and its variants were 
used in the investigation; the variants were resistant to 
Streptomycin, erythromycin, oxytetracycline and the 
antitumor antibiotic actinoxanthine. As a result of 
passage on a meat-peptone agar medium in the pres- 
ence of increasing concentrations of the corresponding 
antibiotics, the resistance to streptomycin increased 
5000 times, to erythromycin, 3000 times, to oxytetra- 
cycline, 2000 times and to actinoxanthine, 1000 times. 

Intensity of growth of the streptomycin and 
erthyromycin resistant variants grown in meat-peptone 
broth did not differ greatly from that of the original 
culture. Colonies on Petri dishes, made 0, 4, 6, 8, 10, 
12, 14, 16, 18, and 24 hr after inoculation of 10,000 
microbial cells in broth flasks showed that the lag phase 
for all three cultures continued for 2 hr, the logarith- 
mic phase of growth lasted from 2-12 hr, after which 
the stationary phase occurred, 


The growth curve of the oxytetracycline- and 
actinoxanthine- resistant variants in meat- peptone 
tvoth significantly differed from the growth curve of 
the original culture. The lag phase in oxytetracycline 
staphylococcus continued for 7 hr, the logarithmic phase 
from 7 to 14 hr. The growth of the actinoxanthine - 
resistant variant was so much less, that we were obliged 
to increase the inoculated dose from 10,000 cells in 
1 ml medium to 1 million, but even under these condi- 
tions the lag phase in actinoxanthine-resistant staphy- 
lococcus lasted 8-10 hr. The logarithmic phase lasted 
up to 36 hr. In all stages of growth the quantity of 
viable cells in the original culture exceeded by approxi- 
nfatcly 100,000 tirnes the number of cells in the 
actinoxanthine-resistant variant. 


In order to obtain a sufficient bacteria mass, the 
cultures studied were inoculated into liter flasks con- 
taining 250 ml of Martin's agar. After 6, 24 and 48 hr 
cultivation in a thermostat the bacteria were washed 
with physiological solution. The suspension of cells 
obtained were centrifuged at 5,000 rpm for 15-20 min, 
washed once with physiological solution, washed with 
96% alcohol, carefully stirred and placed in alcohol 
overnight in the refrigerator. After this, the bacteria 
were washed three times with alcohol, two times with 
ether and dried in a vacuum-desiccator over PO; to 
constart weight. Bacteria, pulverized in a mortar to 
a powder were used for the investigation. 


The nucleic acid content was determined in the 
material obtained in this way and the nucleoproteins 
separated. The n.cleic acids were extracted by the 
methods of Schneider [3] and Ogur and Rosen [4]. The 
total nucleic acids were determined by phosphorus and 


_Spectrophotometrically, according to the method of 


Spirin [5]. DNA was determined according to the 
method of Dische [6], RNA, by pentose. The nucleo- 
protein was extracted by 0.2% NaOH. 
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TABLE 1. Content of Nucleic Acids in Staphylococcus aureus 209-P in 
Relation to its Resistance and Age of the Culture, 
Here and in the following tables average data are presented in % dry 


weight. 


Hours 


of growth a 


trophoto- 
metric 
method 


Sensitive variant 


13.18 
9.00 
7.35 


20.83 
16.20 
» oe 


’ ] es 
py el¢ aci 


By phos- 
phorus 


| Nucleo- 
proteins 


RNA | DNA 


9.4 
5. 
4.06 


Streptomycin-resistant variint 


23.86 
17.74 
14.86 


11.34 


13.75 
57 | 


7.41 


11.20 
6.11 | 


Erythromycin-resistant variant 


23.37 
18.75 
17.12 


4.21 | 
a 


| 


11.42 
7.06 
6.03 


Oxytetracycline-resistant variant 


-45 29.13 
9.11 24.50 


.70 21.70 


10.15 
7.14 
6.03 


Actinoxanthine-resistant variant 


9.58 24.68 
78 


-92 


3h OF 
24.24 


24.58 


RESULTS OF THE INVESTIGATION 

Average cata on the nucleic acids and nucleo- 
proteins for each of the variants studied are presented 
in Table 1. 

It follows from the data presented, that the maxi- 
mum content of RNA either in the original culture, or 
in the resistant variants obtained from: it were observed 
in the six hour culture. In the growth process of 
staphylococcus the content of RNA decreased, attain- 
ing minimum values at 48 hours. A particularly appre- 
ciable decrease in RNA content took place between 6 
and 24 hr of growth of the staphylococcus. Between 24 
and 48 hr, when the stationary phase of growth occurred, 
significant changes in RNA content were not observed. 
In this way, the conversion from the logarithmic phase 
of development into the stationary phase of growth is 
accompanied by significant decrease in the quantity of 
RNA, 

As the data of Tabie 1 show, some increase in the 
RNA content is observed in streptomycin-, erythromycin- 
and oxytetracycline- resistant variants in comparison 
with the original staphylococcus. 

As concerns the actinoxanthine-resistant variant, 
in this case it has a lower content of RNA, than the 
sensitive form. The lower RNA content of the actin- 
oxanthine -resistant variant in comparison with the 
original corresponds to its very poor growth. The loga- 
rithmic phase of growth in this variant continued for 
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7.78 2.90 
3.15 A 1.16 
2.70 2.56 0.61 


36 hours, while in all other investigated variants, this 
phase lasted from 12-14 hr. 

Development of resistance, and also the age of 
the culture, did not significantly affect its content of 
DNA. However somewhat of a tendency towards a de- 
crease was noted in the streptomycin-resistant variant 
and in the erythromycin- resistant variant; a tendency 
toward increase in DNA content in comparison to the 
original culture. 

From Table 1 it may be seen that the total nucleic 
acid content calculated according to phosphorus content 
was significant in every case. However, lower values 
were obtained by spectrophotometric determination of 
the total nucleic acids, This is evidence of the fact 
that some other type of phosphorus compound was con- 
tained in cells of the original staphylococcus and re- 
sistant variants in the acid insoluble fractions aside from 
the nucleic acids; this was of independent interest. The 
presence of some type of phosphorus compound, differ- 
ing from nucleic acids, in the acid insoluble fraction 
of cultures of S, aureus was also noticed by Belozerskii 
and co-workers [7]. 

It is interesting that the nucleic acid content, de- 
termined by phosphorus, in the actinoxanthine-resistant 
variant was not changed in the whole process of the life 
cycle (Table 1). 

We did not succeed in finding any sort of changes 


- in the nucleic acid content in other periods of develop- 
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ment of this variant. We investigated the bacterial 
mass at 6, 8, 10, 12, 18, 24, 48, and 72 hr of growth. 
We did not discover any changes in the nucleic acid 
content to 48 hr (Table 2). However, by means of the 
spectrophot o:netric method, we succeeded in detecting 
changes in nucleic acid content between 6 and 24 hr 
of growth of this variant. The maximum amount of 
nucleoprotein was recovered from the 6 hr culture 
(Table 1); in the process of growth and aging of the 
staphylococcus, the amount of recovered nucleoprotein 
was found to be less either in the original or in the 
resistant form. In earlier stages of development of the 
streptomycin-resistant variant, less nucleoprotein was 
extracted than in the sensitive form, and in the follow- 
ing hours of growth the amount of extracted nucleo- 
protein 2ither in one or the other form was the same. 
The erythromycin-resistant variant had almost as much 
extracted nucleoprotein as the sensitive staphylococcus. 

It was an interesting fact, that almost no nucleo- 
protein was extracted by 0.2% alkali from the actinoxan- 
thine-resistant form of staphylococcus (Table 1), There 
was no reason for thinking that this variant did not con- 
tain any nucleoprotein, because the bacterial mass of 
this variant contained about 607% protein. In this res- 
pect the oxytetracycline-resistant variant was similar 
to the actinoxanthine-resistant. The amount of nucleo- 
protein extracted from it, while somewhat higher than 
from the actinoxanthine-resistant variant, was, never- 
theless, not great. Pulverization of the bacterial mass 
of the oxytetracycline-resistant variant in a mortar 
insignificantly increased the yield of nucleoprotein 
(Table 3). 

In connection with the fact that nucleoproteins are 
difficult to extract from actinoxanthine and oxytetracy- 
cline-resistant variants two assumptions were made: 1) 
that the nucleoprotein in these variants was located 
generally in the cells, from which it could not be ex- 
tracted; 2) with acquisition by the staphylococcus ceils 
of resistance to actinoxanthine and oxytetracycline, a 
decrease in the permeability of the cell membrane 
occurred. 

In order to verify these assumptions, we applied a 
number of methods, showing marked effect on the 
staphylococcus cell. The method of pulverizing the 
bacterial mass in a mortar with glass powder was used. 
In this case the yield of nucleoprotein was higher than 
without pulverization; however, it was still small in 
comparison with the yield of nucleoprotein from the 
sensitive form: 10.5 and 547% respectively (Table 3). 
For better destruction of staphylococcus cells, resis- 
tant to actinoxanthine, the method of multiple freez- 
ing in dry ice at -70 to 75° was used, followed by rapid 
thawing. 

The data of Table 3 indicate that 57% of the 
nucleoprotein was extracted from the original staphy- 
lococcus, on destruction of the cells by means of freez- 
ing and thawing and from the resistant strain, 12.8%. 
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In this and other cases the amount of extracted nucleo- 
protein was somewhat higher than in experiments with 
pulverizing with glass; however for resistant variants 
this value was still low. 

The following method, which we used for destroy~ 
ing the cells of staphylococcus was the ultrasonic .* 
Cells of staphylococcus of the sensitive and actinoxan- 
thine-resistant variants in the form of suspensions in 
0.27. NaOH were destroyed by ultrasound activity of 
short duration (25 sec with interruptions at every 2.5 
sec) and of high intensity(100 w). To avoid an in- 
crease in temperature, the ultrasonic vibration was 
carried out in the cold. 

As may be seen from the data presented, 70% of 
the nucleoprotein was extracted from the original 
staphylococcus and 13.8% from the resistant variant. 
Thus, a number of very different methods, used to 
destroy the cells of actinoxanthine-resistant staphylo— 
coccus, did not permit the extraction of maximum 
amounts of nucleoproteins from it. 

These experiments demonstrated the correctness 
of our assumptions. 

The problem of the decrease of cell membrane 
permeability in variants resistant to poisons was raised 
at the symposium on adaptation of microorganisms, in 
London [8]. The thought was expressed that one of the 
mechanisms bringing about the emergence of resistance 
in cells to substances toxic to it was the lowering of the 
permeability of the cell membrane. Our data in rela- 
tion to the nucleoproteins permit the assumption that 
the emergence of resistance to actinoxanthine in staphylo- 
coccus 209-P in some measure brought about by the in- 
dicated mechanism. 

Considering these data, interest was alco established 
in the investigation of the amino acid composition of the 
nucleoproteins, extracted frorn the culture of sensitive 
and resistant variants of staphylococcus, 

For this purpose we investigated nuceloprotein pre- 
parations from 6, 24, and 48 hr cultures of sensitive 
staphylococcus and also streptomycin- ,oxytetracycline-. 
and actinoxanthine-resjstant variants. 

The method of ascending chromatography on paper 
was used to study the amino acid composition of the 
nucleoproteins. Twenty mg of nucleoprotein was hydro- 
lyzed with 5 ml of 6 N. HCl in a sealed ampule in a 
thermostat at a temperature of 125° for six hours. The 
hydrolyzate was quantitatively transferred to a glass 
crucible and evaporated on a water bath to dryness. To 
the dry residue was added 3 ml of distilled water and 
evaporation was continued. This operation was repeat- 
ed several times until HCl was completely removed. 
After this the contents of the ampule were transferred to 
a measured 5 ml flask, diluted to the mark with water 


* The ultrasonics were carried out in the Laboratory of 
Anisotopic Structures, Academy of Sciences of the USSR, 
Moscow. 





TABLE 2. Content of Nucleic Acids in Staphylococcus 209-P, Resistant to 
Actinoxanthine in Different Periods of Growth. 
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TABLE 3. Amount of Nucleoprotein, 
Extracted from Staphylococcus aureus. 
209-P, Sensitive and Resistant to 
Actinoxanthine and Oxytetracycline, 
Using Different Methods for Cell 
Destruction. 

Extraction was carried out with 0.27% 
NaOH 
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Sensitive variant 


6 126.30154.00] 57.00 70.10 
4 116.60]24.00] 47.90 | 65.50 
8 112.98]22.00| 41.10 42.00 


2 
4 
Actinoxanthine-resistant variant 


6 2.90]10.50] 12.80 13.80 
24 1.16] 3.80 8.10 9.70 
43 0.62] 3.20 9.00 4.80 


Oxytetracycline-resistant variant 


6 8.93] 14.4 — 
24 4.63) 4.60 — 
5 — 


48 3.23 .80 


and filtered [9]. The hydrolyzate obtained in this way 
was used for chromatography. 

Chromatography was carried out on Leningrad 
paper, which was previously washed in the following 
manner: the cut strip of paper was saturated with 4% 
HCI and soaked for 4 hr, the residue of HCl was washed 
with distilled water to a neutral reaction to litmus and 
a negative reaction to the chloride ion (test with silver 
nitrate). The washed paper was submerged for 30 min 
in a 0.1 N solution of NaOH in 96% alcohol, then 
washed with distilled water to a neutral reaction to 
phenolphthalein and dried in air at room temperature. 

0.03 ml of the protein hydrolyzate was placed on 
the washed paper by means of an automatic micropi- 
pette. Simultaneously a mixture of amino acids as a 
standard was placed on it and chromatography was 
carried out by the ascending method. A mixture of 


butanol-acetic acid-water (4:1:1) was used as a solvent. 


For sharper separation of the amino acids we repeated 


“4.80 | 


24.35 


24.80 


| 
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the chromatography of the hydrolyzate in the same 
solvents and in the same direction five times according 
to Keil’s method [10]. Repeated passage of the solvents 
led to increased separatory capacity, and the spots were 
sharper and narrower, particularly leucine, phenylala- 
nine and valine, 

The chromatograms, dried at room temperature, 
were developed by passage through 0.7% solution of re- 
crystallized ninhydrin in acetone. Passage of the chro- 
matograms through a comparatively concentrated solu- 
tion of ninhydrin led to a significantly more intensive 
coloring of the spots, than spraying. After evaporation 
of the acetone, the chromatograms were heated for 30 
min in a thermostat at 65°. 

In the figure (a,b,c) are presented chromatograms of 
the hydrolyzates of nucleoprotein, extracted from 6, 24, 
and 48-hour cultures of sensitive staphylococcus 209-P, 
streptomycin- and oxytetracycline-resistant variants. 

As may be scen from these chromatograms, either 
in the original staphylococcus or in the resistant vari- 
ants 15 amino acids are found: lysine, histidine, argi- 
nine, aspartic acid, serine, glycine, glutamic acid, 
threonine, alanine, proline, tyrosine, valine ¢ methio- 
nine, phenylalanine and leucine (inasmuch as analagous 
results were obtained for the actinoxanthine-resistant 
variant, we did not present the chromatogram for it). 

Thus, by the method of qualitative paper chroma- 
tography it has been shown that nucleoproteins, obtained 
from streptomycin- oxytetracycline-,and act:noxanthine- 
resistant variants do not differ in amino acid composi- 
tion from the nucleoproteins of the original staphylo- 
coccus. 

Also no change in the amino acid composition of 
the nucleoproteins in the process of growth of the cultures 
was found. 


Our data in relation to the amino acid composition 
of the nucleoprotein in the streptomycin-resistant vari- 
ant are in conformance with data obtained by Gold*farb 
[11}, which established that the amino acid composition 
of streptomycin-resistam and the original culture of S 
aureus 209-P were completely similar. 

Tdnasescu, Macelaru and Ionescu [12], swdying 
the mechanism of the origin of resistance of micro- 
organisms to antibiotics, have established that the con- 
tent of tyrosine and tryptophan in proteins of strains of 
Mycobacterium tuberculosis Grossburger resistant and 
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sensitive to antibiotics were similar. On this basis the 
authors assumed that enzymes taking part in the synthe- 
sis of proteins changed only slightly under the influence 
of streptomycin. 

However this assumption seems to us to have little 
foundation, since, according to our observations, the 
growth of the majority of resistant strains investigated 
by us is significantly less than the growth of the sensi- 
tive forms. This is evidence for the slowed rate of 
synthesis of proteins which, obviously, is connected 
with the destruction of the enzyme system and various 
other factors, participating in the process of protein 
synthesis. 


SUMMARY 

Staphylococcus aurcus 209-P and its variants made 
resistant to sweptomycin, erythromycin, oxytetracycline e 
and actinoxanthine, differ among themselves in RNA 
content. These variants do not differ significantly from 
each other in their content of DNA. 

The amount of RNA attains the highest values in the 
sixth hour of culture growth, either in the original or in 
the resistant variants and in the process of further growth 
this significantly decreases, DNA does not undergo sig- 
nificant quantitative change during its life cycle. 

The amount of extracted nucleoprotein in the 
actinxanthine-oxytetracycline-resistant variants is very 
low. The application of a number of methods for des- 
truction of the microbial cells, with the purpose of in- 
creasing the yicld of nucleoprotein, did not lead to 
appreciable increase in its amount. 

In acid-insoluble fractions of S, aureus 209-P, 
sensitive and resistant to antibiotics, phosphorus com- 
pounds of a nonnucleic nature were discovered, 


In preparations of nucleoproteins all variants studied 
were found to contain 15 amino acids and it was estab- 
lished that in amino acid composition the nucleoproteins 
of the investigated resistant cultures did not differ from 
the sensitive staphylococci. No differences in amino 
acid composition were discovered in relation to the 
growth of the cultures. 
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The existing methods for the detection of purines, 
Pytimidines, and their derivatives are still far from ex- 
haustive. Some of the available methods allow the 
detection of the free bases (usually purines alone) 

{1 — 3). Purine nucleosides may be detected by reac- 
tions involving the carbohydrate moiety [4,5]. Other 
methods, offered for the detection of nucleotides, de- 
pend on the detection of the phosphorus [6,7]. All 
above-mentioned methods are quite complicated and 
less sensitive than the estin.ation of optical densities 
in the uv at 257-260 my [8]. As mentioned above, 
every one of the methods suggested is limited to but a 
stall group of cormmpounds, 

In the present work the chlorination technique, 
originally suggested for the detection of amino acids, 
peptides and proteins [9, 10], has been utilized to de- 
vise a method for the simple detection of purines, py- 
rimidines, .nydropyrimidines, nucleotides, deoxynu- 
cleotides, nucleosides, dcoxynucleosides,and nucleic 
acids in microgram amounts on paper (on chromato- 
grams and electropherograms). 


EXPERIMENTAL 

Chemical detection methois 

The visualization of the bases and their derivatives 
on paper is accomplished through the chlorination of 
the paper chromatogram or the electropherogram, fol- 
lowed by the development of the resultant derivatives 
with either iodide-tolidine, iodide-benzidine or starch- 
iodide reagent, 

Chlorination. The thoroughly dried chromatogram 
(or electropherogram ) was dipped in a mixture of equal 
volumes of 967, ethano] and acetone. Excess solvent 
was removed by blotting with filter paper, and the 
papers were suspended in tightly covered jars over a 
freshly prepared mixture of 10% HCl and 1% KMnO, 
(equal volumes). After ten minutes the papers were 
removed and the spots were developed as described 
below. . 

Development with the iodide-tolidine reagent. 
The papers were immersed immediately after chlorina- 


tion ito the fresh reagent, consisting of equal volumes 
of 0.U5 M KI and saturated o- tolidine in 2% acetic 
acid. The compounds appeared as blue spots, whose 
intensity reached maximum after two to three minutes. 
The papers were washed with 2% acetic acid, blotted 
with filter paper and photographed immediately, since 
the colors faded considerably on drying. 

Development with the iodide-benzidine reagent. 
The procedure was as described immediately above, but 
the developing solution consisted of a mixture of 0.05 
M KI and saturated benzidine solution in 2% acetic 
acid (1:2 by vol). 

Development with starch-iodide reagent. The 
success of this method depends on the efficiency with 
which excess adsorbed chlorine can be removed from 
the paper, since this ensures the degree of contrast. The 
chromatograms were suspended in a current of air for at 
Icast four to six hours following chlorination. Longer 
periods of airing were not employed, since the chloro- 
derivatives are known to be unstable and could not be 
detected 24 hr after chlorination. The most successful 
method for the removal of excess chlorine was found to 
be evacuation in a large desiccator while complete 
removal of chlorine was tested for with the starch- iodide 
reagent on a small area of the paper. The spots were 
then developed (as blue spots on a white background) by 
spraying the chromatogram with a mixture of equal 
volumes of 0.05 M KI and 2% starch solution. 

Quantitative evaluation. Semiquantitative evalua- 
tion of the spots may be made by comparison with a 
series of standard spots on the same chromatogram. 
Very valuable data may be obtained by comparison of 
the fading times of unknown and standard spots on dry- 
ing. Accurate quantitative determinations may be 


* The following abbreviations will be used: AMP — 
adenylic acid, GMP ~ guanylic acid, dAMP — deoxya- 
denylic acid, TMP ~thymidylic acid, (CMP — deoxy- 
cytidylic acid, DNA — deoxyribonucleic acid, RNA — 
ribonucleic acid, UMP — uridylic acid. 
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made by densitometry of the images of the spots on pho- 
tographic emulsion, using the microphotometer MF-2 (11). 

Calibration curves for each compound under inves- 
tigation were prepared as follows: Dilution series of 
each compound were prepared and 10 y1 of each dilu- 
tion was placed on Whatman No. 2 paper strips and 
developed as usual, quantitative determinations being 
carried out immediately. The limits of visual sensiti- 
vity were determined similarly. 

Development in light and spectrophotometric deter- 
minations. In most cases chromatograms were also 
photographed inuv light [12], The absorption spectra in 
the ultraviolet were determined on solutions obtained 
by eluting the papers with 0.1 M HCl, with a Zeiss 
spectrophotometer, 

Chromatography and electrophoresis, Descend- 
ing chromatography was carried out on Whatman 
papers No. 1, 2 and 4, using a mixture of water and 
n-butanol. Electrophoresis was carried out on Whatman 
papers No. 3 and 4, 0.02 M citrate buffer, pH 3.5, be- 
ing uscd with mononucleotides and 0.02 M acetate 
buffer, pH 7.4 — with nucleosides, nucleotides and 
nucleosidediphosphates. Potential gradient employed 
was 18-20 v/cm (without cooling) and time of runs 
was 3-4 hr. 

The determination of phosphomonoesterase activity. 
The activity of prostatic phosphomonoesterase was de- 
termined as follows: The enzyme preparation (0.2 ml) 
was added to 10.0 ml of 0.02 M solution of 3°-AMP 
0.05 M acetate buffer (pH 5.7). The mixture was in- 
cubated at 38°. An Aliquot of the incubation mixture 
(1 ml) was taken immediately after mixing, and then 
at regular intervals of three minutes. The enzyme was 
inactivated by boiling for two minutes and the coagu- 
lated protein was centrifuged off. Portions of the super- 
natant were applied to electropherograms. The separa— 
tion of the compounds proceeded at pH 7.4. Apart from 
chemical detecticn the spots of adenosine and 3'-AMP 
were detected by their absorption in the uv and quanti- 
tative determination was carried out with measurement 
in the uv and through phosphorus determinations [13]. 

Preparation of RNA hydrolyzates, Yeast RNA was 
dissolved in 50 volumes (by weight) of 0.3 N KOH and 
allowed to stand at 38° for 18 hours. The hydrolyzate 
was then cooled and 3 N HCL was added to pH 576. 
The precipitated KC1O, was removed by cenwifugation 
and the supernatant fluid was used directly for electro- 
phoretic analysis. 

Materials. The nucleotides, nucleosides and bases 
were mainly commercial preparations (CalBiochem, 
USA; Lights, England; and La Chema, Czechoslovakia). 
6-Azauracil, dihydroazauracil and dihydrouracil were 
gifts from Dr. Gut, and 6-azauridine~a gift from Dr. 
Skoda of the Chemical Institute, Czechoslovak Academy 
of Science. The yeast RNA (La Chema) was prepared by 
alkaline extraction of yeast. The preparation was puri- 
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fied before use by extraction with phenol, followed by 
repeated precipitation with alcohol and dialysis against 
distilled water [14]. Phosphomonoesterase was prepared 
from surgically removed hyperuophied human prostates 
(15]. Pseudouridine was isolated from yeast RNA [16]. 
The remaining preparations and reagents were products 
of the Czechoslovakian firm La Cherna (analytically 
pure). 
RESULTS AND DISCUSSION 

Purines, pyrimidines and their derivatives were 
demonstrated in the present procedure as blue spots on 
white background (Fig. 1). Within the range of concen- 
trations employed there was a direct relationship 
between the concentration of the compound and the in- 
tensity and size of the spot produced (Figs, 2 and 3), 

The best results were obtained with the iodide-tolidine 
reagent. The sensitivity of the iodide- benzidine rea- 
gent was about one-fourth that of the former. The 
starch-iodide reagent, although the most sensitive of the 
three, could not be used for quantitative work since 
standard conditions could not be adhered to during spray- 
ing. 

Reaction mechanism. The interaction of gaseous 
chlorine-with amino- or imino- compounds is known to 
result in the replacement by chlorine of the “labile® 
hydrogen of these groups; the resultant chlorinated deri- 
vatives are unstable and in presence of iodide undergo oxida- 
tive cleavage. Simultaneously iodide is reduced to iodine, the 
latter detected by starch, tolidine, or benzidine.The Mmiting 
molarconcentrations of various compounds at the visually 
detectable limits with the tolidine reagent (Table 1) 
show that the method is highly sensitive for all the 
amino-substituted bases and their derivatives. This is 
apparently due to the fact that the hydrogens associa- 
ted with the amino-nitrogen atoms are very easily 
replaced by chlorine. Maximum color reaction with 
cytosine was reached within two to three minutes of 
chlorination. The substitution of the hydrogen atoms 
associated with the heterocyclic ring nitrogen is, 
apparently, less rapid and does not proceed to comple- 
tion. The sensitivity of the reaction for uracil, thymine, 
hypoxanthine, etc., was therefore considerably lower 
than for the closely related, amino-substituted purines 
and pyrimidines. 

There are several indications of the fact that in the 
pytimidines (uracil, thymine, 6-azauracil) the chlorina- 
tion actually took place on the heterocyclic ring nitro- 
gens, and not across the double bond between carbons 
5 and 6. Firstly, dihydropyrimidines, where no such 
double bond is present, reacted with chlorine several 
times faster than pyrimidines. Secondly, the substitu- 
tion of the hydrogen of Ny with ribose (as in nucleosides) 
leads to a marked decrease in sensitivity in the above 
method. 

The high reactivity of the dihydropyrimidines, 
compared with the parent compounds, can probably be 
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Fig. 1. Chromatogram developed with the iodide- 
tolidine reagent. Whatman No. 4 paper. Solvent: 
n-butanol—water (8:2). 1) Uracil, 2) dihydrouracil, 
3) thymine, 4) dihydrothymine, 5) cytosine, 6) 
cytidine, 7) adenine, 8) adenosine. The spots of 
uracil and thymine almost completely faded with 
drying at the time of photography. 
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Fig. 2. The determination of pyrimidines and dihydro- 
pyrimidines by quantitative chromatography. Paper 

and solvent system as in Fig. 1. 1) and 2)Uracil 

0.05 and 0.10 ymoles, respectively.) and 4)Dihydrouraci] 
0.02 and 0.04 pmoles, respectively. 5) and 6) Thymine 
0,20 and 0,40 pmoles, respectively.7) and &) Dihy drothy mine 
0.03 and 0.06 ymoles, re-pectively. 9) and 10) Cyto- 
sine, 0.01 and 0.02 , moles, respectively. Developed 

with the iodide-tolidine reagent. 


TABLE 1. Seasitivity Limits for Various Bases and their Derivatives with the 


lodide-Tolidine Reagent 


All concentrations are expressed as moles x 10°°/cm*. Whatman No. 1 


paper; chlorination time, 10 min 


Adenine 

A Jenosine 
3°-AMP 
Guanine 
Guanosine 
3°-GMP 
3°-dAMP 
Orotic acid 
Uracil 
Dihydrouracil 
Uridine 
Pseudouridine 
Deoxyuridine 
3°-UMP 


Cytosine 
Cytidine 
3°-AMP 
Thymine 
Dihydrothymine 
3°-TMP 
6-Azauracil 
Dihydro-6-azauracil 
6-Azauridine 
6-Azathymine 
RNA 

DNA 





explained on the basis of a shift in the equilibrium of 
the keto-enol tautomers to the keto-form in the dihy- 
dropyrimidines, while in the pyrimidines the enolic 
form ee 
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As chlorination proceeds the bases and their deriva- 
tives are gradually destroyed, the process being accomp- 
anied by the disappearance of the characteristic spec- 
trum in the uv (Fig. 4). In this respect the effect of 
chlorine is similar to that of bromine [17]. It is of in- 
terest to note that the increasing intensity of the color 
reaction paralleled throughout the diminishing specific 
absorption in the uv as the chlorination proceeded 
(Fig. 5). 

—! <4 4 4 4 st ot The method described also allows some qualitative 
O28 + 8 oe cee 7 10 identification of the bases and their derivarives. Thus, 
Ser after three minutes chlorination only the bases contain- 

ing primary amino groups gave definite reactions. 

After ten minutes reaction all compounds investigated 


Fig. 3. The determination of cytosine and adenine by 
the quantitative chromatography method. Whatman 


No. 1 paper. Solvent mixture ~ n-butanol—water. 1) ea. 
to 5) Cytosine (0.002, 0.004, 0.006, 0.008 and 0.010 produced the color reaction, while chlorination over 


umoles, respectively). 6) to 10) Adenosine (0.002, 24 hr or repeated chlorination, produced the subsequent 
0.004, 0.006, 0.008 and 0.010 ymoles, respectively). color only with the compounds lacking primary amino 


Developed with the iodide-tolidine reagent. groups. tt appears that at that stage the aminopurines 
and aminopyrimidines reach an advanced stage of 
destruction, and the resulting products are incapable 
of any reaction with iodide. However, corresponding 
standards should always be treated together with the un- 
known compounds in order to avoid possible artefacts. 

The existing views on the structure of pseudouri- 
dine was given further proof in this work as a result of 
accurate quantitative evaluation. This compound, 
which contains only uracil and ribose, gave a reaction 
corresponding to an equimolar amount of uracil, while 
an equivalent amount of uridine produced only half 
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Fig. 4. The changes in the uv absorption spectra during the reaction of nucleic 
acid derivatives with chlorine. a) 3°-AMP, b) 3°-GMP, c) hypoxanthine, d) cytosine, 
e) 3°-UMP. Numbers over curves denote time of reaction with chlorine in min. 
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Chlorination time, min 
Fig. 5. The dependance of the inten- 
sity of the color reaction on chlorina- 
tion time (logarithmic scale). i= 
cytosine, 2— uracil, 3 — adenine, 
4 — hypoxanthine. Development: 
iodide-tolidine reagent. 


that intensity (Table 1). This suggests that in pseudouri- 
dine the ribose is not attached to the Ny, as in uridine, 
but to a carbon atom, which is well in accordance with 
the suggested structure of pseudouridine as 5-ribosyl- 
uracil [16]. 

Results of phosphomonoesterase activity assays with 
3°-AMP, where three different methods were employed 
for the detection of the products, are presented in Table 
2. It will be seen that the results were the same in all 
cases, 

The method was equally successfully applied to a 
number of other uses such as, for example, that shown 
in Fig. 6, where its application to the determination of 
purity of an ATP preparation is demonstrated. 

It should be stressed that the quantitative procedure of 
the present method is more cumbersome than that in- 
volving spectrophotometric measurements of spot elu- 
ates, but the latter is not always possible. The present 
method is, hov:cver, Quite suitable for semiquantitative 
purposes, and as such is easily adaptable for almost any 
laboratory. Ic is advisable, when using the method, to 
make allowances for its somewhat lower sensitivity to- 
wards uracil and thymine and their derivatives. 

As mentioned above, the color reaction employed 
in the present procedure is also given by other classes 
of compounds, notably by amino acids, peptides and 
proteins [9, 10). The low specificity of the reaction is 
of little importance when it is used with pure com- 
pounds, or with purified enzyme preparations, but in the 
case of crude mixtures of biological origin this may 
cause considerable difficulties. On the other hand, this 
lack of specificity also offers some advantages in that 
the method is quite valuable in the assessment of purity 
of the bases and their derivatives, since its application 
for the staining of chromatograms or electropherograms 
allows the detection of minute contaminants of non- 
nucleotide nature, such as amino acids and peptides. 


TABLE 2. Assays of Prostatic Phospho- 
monoesterase Activity with 3°-AMP 
as Determined with the Various 
Methods. 

All concentrations have been ex- 
pressed in pmoles. 
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Fig. 6, Densitometry of a developed 
electropherogram, The tpecimen 
analyzed was a sample of ATP which 
had been in prolonged storage. Elec- 
trophoresis was carried out for four 
hours, at pH 3.5, and with a voltage 
gradient 20 V/cm. The paper was 
stained with the iodide-tolidine 
reagent, and the image on the emul- 
sion was measured with a microphoto- 
meter. 1) ATP, 2) ADP, 3) AMP, 
4) adenine + adenosine. 


These impurities are known to occur frequently even in 
purified preparations of RNA and its hydrolyzates.[14], 
and would evade detection on examination in uv light. 


SUMMARY 

A simple chemical method for the detection of 
purines, pyrimidines, dihydropyrimidines, nucleosides, 
nucleotides, and nucleic acids, in microgram amounts 
on paper chromatograms and electropherograms, has 
been described. 

The method involves the chlorination of the papers 
followed by detection of the chlorinated derivatives 
with either the iodide-tolidine, iodide-benzidine or 
starch-iodide reagent. The method was found to be 
most sensitive with aminopurines, aminopyrimidines 
and dihydropyrimidines. 
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Of the functional groups ordinarily encountcred in 
simple and in catalytic proteins, the SH- and S~S — 
groups possess the greatest and most widely varying 
reactivity. 

Maintenance of sulfhydryl enzymes in an active 
form is due primarily to special enzyme systems present 
in plant and animal tissues which mediate conversion 
of the oxidized thiols to the reduced condition. The 
recently discovered glutathione reductase [1-6] and 
cystine reductase [7-9], which are widely distributed 
in living organisms, are examples of such systems. 

Glutathione reductase easily reduces oxidized glu- 
tathione in the presence of glucose-6-phosphate, TPN, 
and glucose-6-phosphate dehydrogenase, of certain other 
compounds of similar behavior, Cystine reductase reduces 
cystine to cysteine with the direct participation of DPN 
and, apparently, glucose- 1- phosphate, although other 
compounds may be involved. 

The determination in tissues of the activity of com- 
plex enzyme systems requiring a number of cofactors 
may be accomplished in two ways. On the one hand, 
the crude extracts may be dialyzed and measurements 
of the enzymatic activity of the dialyzateto which the 
necessary cofactors have been added then made. On 
the other hand, activity of the crude exuacts may be 
determined directly without the addition of any of the 
system components. The second method seemed to us 
fully satisfactory, inasmuch as it approximated more 
closely to natural conditions. 

This study was undertaken to determine activities 
of the two enzyme systems in germinating and ripening 
peas. 

METHODS 

Tissue used consisted of pea cotyledons freed of 
the seed coat, the shoot and the radicle. These were 
rapidly ground in a mortar and treated several times 
with acetone chilled to -10°. The residue remaining 
after centrifugation was dried in a vacuum desiccator. 
Activity of the preparations was almost unchanged in 
the course of several months’ storage in a refrigerator. 
Experiments were performed in the following manner: 


2 g of an acctone-dried preparation was extracted for 
30 minutes with 10 ml11-15 M phosphate buffer, pH 
6.2, the mixture being constantly agitated by a magne- 
tic stirrer. The solid residue was then removed by cen- 
trifugation and the centrifugate was used as the enzyme 
preparation. ‘Fhe substrate for glutathione reductase 
was a 0.1% solution of iodine-oxidized glutathione, 
and that for cystine reductase was a saturated solution 
of cystine in1-15M _ phosphate buffer, pH 6.2. Experi- 
ments were carried out in Thunberg tubes filled with 
nitrogen at 37°. Duration of experiments was 2 hours. 
Enzyme activity was stopped by addition of 10% HPO, 
to a final concentration of 2%. The clear filtrate was 
titrated with 0.001N KIO, in the presence of KI and 
starch. Control reaction mixtures were precipitated 
with HPO, immediately after addition of all components. 
Activity was measured as the difference in quantity of 
iodate (in ml) produced on titration of experimental 
and control samples, this being expressed on the basis 
of 1 mg protein nitrogen of the extract. For compari- 
son, SH- groups were determined spectrophotometrically 
(10) in the same filtrates. It was found that the SH- 
contents as determined by the two methods differed by 
relatively small amounts; results of iodometric titra- 
tion were usually about 5-10% higher. 

Protein nitrogen was determined as the difference 
between total nitrogen and non-protein nitrogen. Non- 
protein nitrogen was measured in the filtrate after pre- 
cipitation of the protein by an equal volume of 10% 
TCA. 

Ammonia formed by the degradation of the nitro- 
genous compounds was distilled into 2% boric acid and 
then titrated directly with HCl (11). Direct determina- 
tion of protein nitrogen by the method of Lowry [12] 
failed to yield reliable results. 

In order to determine optimal enzyme — substrate 
ratios, experiments were set up with various amounts 
(0.5, 1.0, 2.0 mg) of glutathione in 1.0 ml of extract. 
Results showed that substrate concentration was limiting 
throughout the range tested. The best ratio proved to 
be 1 mg glutathione to 1 ml of extract, and this ratio 
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Fig. 1. Activity of glutathione reductase (1) and cystine 
reductase (II) during pea germination 
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Fig. 2. Activity of glutathione reductase (1) 


and cystine reductase (II) during ripening of 
peas 


Characteristics of Peas of Various 
Stages of Maturity 


Moisture 


Stage coptent, 


Wt. of 100 
seeds, g 


9.87 
| 46.40 
| 25.95 


83.27 
75.98 
69.98 
54.06 
18.49 


28.93 
14.32 


2.98 | 83.55 


was employed in all succeeding experiments. The opti- 
mal ratio for cystine reductase proved to be 1 ml of a 
saturated solution of cystine to 1 ml of extract. 


RESULTS AND DISCUSSION 


Glutathione reductase and cystine reductase of 
germinating peas 

Experimental material was obtained from a 1958 
pea crop. Samples were taken daily for eight days from 
peas germinating in the dark and were tested for activi- 
ty. Data obtained are presented in Fig. 1, which shows 
that mature peas have a high activity which remains 
almost unchanged for 3 or 4 days, with a slight decline 
only during the first day. About the fourth day the glu- 
tathione reductase activity increases noticeably (reach- 
es a maximum), and after 7 or 8 days begins to fall 
rapidly. 


At first glance these data appear atypical and in 
conflict with current views on the activation of enzymes 
occurring during seed germination. Young and Varner 
[13] have shown, however, that protease activity of the 
cotyledons of germinated peas also remains at almost 
the same level, decreasing sornewhat only after about 
eight days from the beginning of germination. 

The high initial activity of glutathione reductase 
in mature seeds seems to us to be a factor in the main- 
tenance of free glutathione in a reduced state, which 
is especially important in the early stages of life of an 
organism when metabolic activity is intense. 

The pattern of cystine reductase activity (Fig. 1) is 
in general similar to that for glutathione reductase, 
differing only in a greater range of variability. Neither 
enzyme was detected in the germinating shoots, 


Glutathione Reductase and Cystine Reductase of Ripening 
Peas, 


Peas of variety Capital from two crops grown in the 
Botanical Garden of the Moscow State University served 
as a source of the enzymes. A difficulty in collecting 
samples of various degrees of maturity resides in the 
fact that even in a single pod peas of differing moisture 
content and ripeness are encountered. It was demon- 
strated in numerous preliminary experiments that 
different samples of ripening peas taken from different 
plants but approximately equal in moisture content had 
similar enzyme activities. Thus, in selecting samples 
one should be guided principally by moisture content, 
while at the same time taking into consideration seed 
size. Material was therefore selected in the following 
manner. In a single day pods of various degrees of matu- 
rity were collected and their seeds removed. The seeds 
were then sorted arbitrarily according to size into sev- 
eral piles and from these,samples were taken for 
measurement of moisture content, the weight of 100 
seeds being determined at the same time (Table). 

Determination of the glutathione reductase acti- 
vity of peas of various stages of ripeness showed that, 
in contrast to the preceding case, peas in the earliest 
stages were without activity. 

Later the activity rose markedly, reaching a maxi- 
mum at full seed maturity (Fig. 2). 





Data on cystine reductase (Fig. 2) showed that the 
pattern of change of this enzyme with time was similar 
to that for glutathione reductase. Here also activity was 
maximal at full maturity and absent at the earliest 
stages. 

The absence of activity at the earliest stages may 
be due to the fact that the enzymes are actually ab- 
sent, or that the required cofactors are not being syn- 
thesized in adequate amounts at this time. Obviously 
this can only be decided by further experimentation. 

Such similarity of behavior of two enzymes which 
would seem to be completely different during germina- 
tion and ripening of peas is evidently due to their 
specific functions of maintaining thiol compounds in a 
reduced state. 


SUMMARY. 

During an 8-day germination of pez seeds, some in- 
crease inthe activity of glutathione reductase and of cystine 
reductase was noted towards the 5th ~6th day and an 
appreciable drop towards the 8th day. 

No enzymatic activity has been noted at the earli- 
est stages of ripening. It appears at a later date and 
gradually increases to a maximum at full maturity. 
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From the time of the classical investigations of 
Warburg, the fact has been affirmed that glycolysis is 
the main source of energy and intermediate products 
necessary for the synthesis of proteins and nucleic acids 
in tumors [1-3]. 

However, the investigations of Kit [4], Emmelot 
{5], Krechetova [6] and others have shown recently 
that in the oxidative metabolism of tumors the so- 
called hexosemonophosphate route of oxidation of giu- 
cose or the pentose cycle has an important place. The 
discovery of active enzymes of the pentose cycle in 
tumor cells, naturally, posed the problem to investi- 
gators of the role of this oxidative mechanism in syn- 
thetic processes. 

Investigations carried out on this subject [7-9] 
confirm the imporiant role of the pentose cycle in the 
formation of ribose nucleotides and nucleic acids of 
tumor cells. Numerous three- and four-carbon inter- 
mediate products of the cycle can apparently serve as 
substrates for amino acid synthesis in tumor cells as 
well as in microorganisms, 

The role of the pentose cycle as a source of 
TPN-H has been investigated least of all. Meanwhile, 
as has been established at the present time, TPN-H is 
a cofactor in a number of reductive syntheses occurring 
in animal cells: the synthesis of fatty acids (10, 1], 
amino acids [12], steroids [13], purine nucleotides 
[14,15], thymidine [16, 17]. According to Horecker, 
[18] this latter function of the pentose cycle has basic 
significance in the metabolism of tumor cells with 
their high synthetic activity. 

The purpose of the present paper is to study the 
interactivity between the process of nucleic acid syn- 
thesis in cells of various tumors and their oxidative 
metabolism. 

According to the data of Kit [19], Davidson [20], 
Harrington [21].and El'tsina [22], the synthesis of nucleic 
acids and nucleotides in vitro in cells of Ehrlich's asci- 
tic cancer and several lymphosarcomas are markedly 
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stimulated by the addition of glucose to the medium. 
The mechanism of the stimulatory activity of glucose 
on the synthesis of nucleic acids has remained obscure, 
so that we were obliged to investigate this question in 
more detail. 


METHODS 

The experiments were carried out with cells of 
ascitic tumors of animals: Ehrlich’s cancer, Yoshida 
sarcoma, ovarian cancer of ratst (E. L. Prigozhina‘s 
culture) sarcoma 180 and sarcoma 37. Ascitic fluid 
from animals just killed was collected in a measured 
cylinder, centrifuged 1-2 times for 5 min at 400 rpm 
in order to free the tumor cells from erythrocytes. The 
supernatant liquid together with the erythrocytes were 
drawn off, and the cells were washed with Krebs-Ringer 
phosphate buffer, pH 7.4, centrifuged 5 min at 2,000 
rpm, the centrifugate poured off, and a 20 per cent 
suspension of cumor cells prepared in Krebs-Ringer phos- 
phate buffer, 

Synthesis of nucleic acids in vitro in tumor cells 
was studied by incubating the cell suspension in the 
presence of formate c*, which, as is known, is used for 
the synthesis of C-2 and C-8 in the purine radical and 
the methyl group of thymine. 

The incubating medium contained 1 ml 20 per 
cent cell suspension, glycine, ATP, NaHCOs, and nico- 
tinamide respectively, in the amounts of 5,1,30,and 5 
LM; 3-5 uM of formate c (specific activity 78,000 
counts/min/uM) and corresponding additive to a total 
volume of 1,7-2,0 ml. The incubation was carried out in 
Warburg flasks at 37° in air; duration of the incubation was 
1-3 hr, In the central well 0,2 ml of 5 N KOH was placed to 
absorb the CO, given off; in the side arm 0.2 ml of 2 


* Assisted by T. I, Atabekova 


Tt Transplantable adenocarcinoma. Original tumor was 
@ spontaneous adenocarcinoma, arising in the ovary. 





TABLE 1. Incorporation of Formate-C* in Nucleic Acids of Tumor Cells 
Specific activity, counts/min/mg nucleic acid 


Tumor 


RNA | 


| 92,6416 
56) 
309+-40 
14+16 
218436 


Ehrlich’s cancer 
Yoshida sarcoma 
Sarcoma 180 | 


* 37 
Rat ovary cancer 


N HC10, was placed, which was poured into the main 
vessel at the end of the incubation. In the control 
flasks HC1O, was poured in before the introduction of 
the formate-C™. At the end of the incubation the con- 
tents of the vessels were transferred to cold centrifuge 


tubes. Two ml of ethanol and 0.25 ml of 5 N HCIO, 
were added for complete precipitation of the proteins. 
The tubes were carefully cooled and centrifuged in the 
cold, 

The remaining acid- soluble compounds and 
lipides were extracted from the precipitated cells by 
the method of Schneider [23]. RNA and DNA were 
separated by Ogur’s method [24 RNA by 18-hr hydro- 
lysis with 1.0 N HClO, in the cold; DNA by hydrolysis 
twice for 30 min with 0.5 N HClOgat 80°. The hydro- 
lyzates of nucleic acids were neutralized with KOH, 
the KC1Q, precipitate was removed by centifugation, 
brought up to a definite volume (2-4 ml) and used to 
determine the radioactivity (in an end window counter) 
and nucleic acids (25). The centrifugate after precipi- 
tation of the cells, containing the principal amount of 
acid soluble compounds, was neutralized with KOH in 
the cold; the KC1O,g was removed, acidified with 1 
drop of 3 N HCl and concentrated in a vacuum at 37° 
to dryness. The dry residue was dissolved in 0.5 ml 
0.1 N HCl and stored at -20°, 

To find and identify the intermediate products in 
the synthesis of purine nucleotides, nucleiz acids and 
thymidine DNA, the acid soluble fractions were sub- 
mitted to one and two dimensional paper chromato- 
graphy, followed by radioautographic chromatography, 
in which the chromatograms were placed in contact 
with Agfa roentgen films. 

The following solvent systems were used in the 
experiment: 1) isopropanol-ethanol-5 N HCl (6:2:2 by 
volume); 2) isopropanol-water (76: 30) in an atmos- 
phere of NH; (0.35 ml/ 1 cell volume ); 3) methanol- 
formic acid-water (80:15:5); propanol-water (60:40) 

5) ethanol-water (77:23). The paper was previously 
washed in 0.2 M citrate buffer, pH 5.4. 

Identification of the radioactive spots on the chro- 
matograms was carried out by means of a comparison 
of their mobility in solvents and the mobility of known 
nucleosides and nucleotides, determination of the ultra- 
violet absorption spectrum at different pH’s, the content 
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RNA [DNA SC 
Ritz. ee 


3124 108 


1325+ 206 
8904-335 
413+-80 


with glucose ( 100-500 mg ™) 
RNA | DNA 


3 | 410476 
40 é 1050 
519+ 163 
429+ 182 
159-26 


of ribose [26], phosphorus [27] and nitrogen [28] in 
eluted spots. 

The radioactivity of the nucleotides was determined 
either directly on the chromatogram by means of a 
probe, or on eluted spots dried on targets by means of 
an end window counter. The error due to absorption of 
radiation by the paper was taken into account in deter 
mining the radioactivity of the nucleotides, and the 
area of the spots was calculated. The data obtained by 
the two methods in general corresponded. 

Glycolysis was determined according to the accu- 
mulation of lactic acid during incubation; respiration, 
according to oxygen uptake, determined manometri- 
cally. All experiments were repeated twice. Statisti- 
cal evaluatior of the experimental data was carried 
out according to the formula for least squares, 


EXPERIMENTAL RESULTS 


Results of our experiments on the accumulation of 
formate-C™ in nucleic acids of cells of Ehrlich’s 
ascitic cancer corresponded with data of other authors 
{19-22}. Glucose in concentrations of 100-500 mg % 
sharply stimulated the uptake of formate-C™ in RNA 
and DNA. The stimulatory activity of glucose on the 
synthesis of nucleic acids in Yoshida sarcoma cells 
was clearly evident (Table 1). 

Results of the experiments with sarcoma 180 were 
completely unexpected. In the cells of this tumor the 
synthesis of RNA and DNA proceeded quite intensively 
in the absence of glucose in vitro. However the intro- 
duction of glucose at concentrations of 100-500 mg % 
did not stimulate but suppressed the synthesis of both 
nucleic acids (Table 1). Similar results were obtained 
in experiments with cells of sarcoma 37 and ovarian 
cancer of the rat (Table 1). 

How can the various reactions of cells of different 
tumors to the introduction on the same quantity of glu- 
cose in the medium be explained? It seemed to us 
that the most probable explanationwas that the differ- 
ences discovered between the two tested groups of 
tumors were due toa shift in the ratio between the in- 
tensities of glycolysis and the pentose cycle, occurring 
when glucose is introduced into the medium. This 
assumption is based on the following facts. According 





to Racker’s data [29] an increase in the concentration 
of glucose higher than 30 mg? depresses glycolysis and 
stimulates the pentose cycle in Ehrlich's cancer cells, 
Krebs ascitic tumor [30] belongs to this type of tumor, 
with optitnal glycolysis at very low concentrations 

of glucose. It is interesting, that in Enrlich’s cancer 
cells and some other tumors,the system of hydrogen 
transfer from TPN-H to DPN is absent, and TPN-H, 
formed in the oxidative reactions of the pentose cycle, 
cannot be used for the reduction of pyruvate to lactic 
acid [31]. 

On the other hanu, according to Krechetova’s [6] 
glucose at a concentration of 200 mg % in cells of 
sarcoma 10 stimulates glycolysis and adds to the for- 
mation of sedoheptulose, one of the intermediate pro- 
ducts in the pentose cycle. Apparently, the concentra- 
tions of glucose, which are optimal for glycolysis in 
tumors of the sarcoma 180 type, are 10-20 times high- 
er than in tumors of the first group. 

All of the above stated facts made it necessary for 
us to determine the intensity of glycolysis in the tested 
tumors at different concentrations of glucose in the me- 
dium. The results obtained wumpletely verified our 
expectations. In cells of Ehrlich's cancer the intensity 
of glycolysis and the synthesis of nucleic acids attained 
a maximum at glucose concentrations of 50 mg % and 
remained at this level with increase in concentration 
to 500 mg % (Figure 1), In rat ovarian cancer cells an 
increase in glucose concenwation from 50 to 200 mg 
ied to a constantly increasing intensity of glycolysis, 
which was accompanied by a marked inhibition of 
nucleic acid synthesis, especially RNA (Figure 1). 

Based on these facts, it could be assumed that the 
stimulatory action of glucose on nucleic acid synthesis 
in tumors of the Ehrlich's cancer type is explained by an 
activation of the pentose cycle and the accumulation 
in the cells of ribose-5-phosphate and TPN-H, used in 
the synthesis of purine nucleotides and thymidine. 

A reason for the inhibitory action of glucose on 
nucleic acid synthesis in tumors of the second group 
could be either a lack of ribose-5-phosphate, arising 
from inhibition of the pentose cycle, or a lack of some 
sort of cofactor, common for glycolytic enzymes and 
enzymes participating in nucleic acid synthesis. In 
order to solve this problem, we investigated the accu- 
mulation of intermediate products of nucleic acid 
synthesis in acid-soluble fractions of cells of tumors of 
the first and second groups, both in the presence and 
absence of glucose. 

On chromatograms of the acid-soluble fractions of 
cells of sarcoma 180, 37,and ovarian cancer, we 
discovered in the presence of glucose an accumulation 
of 30% of the added radioactivity in a compound mov- 
ing in solvents 1 and 2 in the vicinity of adenylic acid, 
glycine and adenosine (Figure 2). This compound 
possessed a bluish fluorescence in uv light, contained 
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phosphorus, ribose and nitrogen in a ratio of 1:1, 1:2, did 
not give an imidazole ring reaction and on acid hydro- 
lysis split off glycine. Determination of the R¢ value 
for formylglycineamideribotide (FGAR), IMP and gly- 
cine in various solvent systems gave the following 
results. 


Solvent systems 
ye 


0 0.37 0.46 
4 0.15 0.33 
6 0.42 0.70 


Compounds 


FGAR 0.3 
IMP 0.1 
Glycine 0.2 


According to all indicated criteria we could 
identify the compound we discovered as acyclic formyl- 
glycineamideribotide (FGAR), which is one of the very 
first intermediates in the synthesis of purine nucleotides, 
extracted from cells of pigeon liver by Goldthwait, 
Peabody, and Greenberg and identified by them [32]. 
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Fig. 1. Intensity of glycolysis and nucleic acid 
synthesis in cells of rat ovarian cancer (A) and 


Ehrlich cancer (B). 1) RNA 2) DNA, 3) lactic 
acid. 


In the absence of glucose the radioactivity of 
FGAR in tumor cells of the given group was insignificant 
(Table 2). Besides FGAR, on radioautographs of chroma- 
tograms, radioactive nucleosides, nucleosidemono-, 

di- and tri-phosphates were discovered, which were not 
found in the prescace of glucose (Figure 3). The accu- 
mulation of FGAR in the absence of glucos= was less, 
the more intensive the synthesis of RNA in cells of the 
given tumors. With the introduction of glucose the 
accumulation of ribotides reflected the degree of inhi- 
bition of nucleic acid synthesis (Table 2). 

Analysis of the acid-soluble fractions of Ehrlich's 
cancer cells and Yoshida sarcoma, in which glucose 
stimulated nucleic acid synthesis, permitted us to find 
a significant difference between the two groups of 
tumors investigated (Table 2). An accumulation of 





Solvent l. 


Solvent 2. 


Fig. 2. Radioautograph of a two-dimen- 

sional chromatogram of the acid-soluble 
fraction of sarcoma 180 cells after their 
incubation in the presence of 500 mg % 

of glucose. Radioactive spot ~ FGAR. 


FGAR has also observed in cells of Enrlich’s cancer and 
Yoshida sarcoma in the absence of glucose,whereupon 
in cells of chrlich’s cancer characterized by a low rate 
of nucleic acid synthesis in vitro, the accumulation of 
FGAR was accomplished more quickly than in Yoshida 
sarcoma cells, which intensively synthesize RNA and 
DNA. However, in the absence of glucose in tumors 
of this group, we did not observe an accumulation of 
the related precursors of RNA, nucleosidemono- and 
polyphosphates. A similar picture is suggested in the 
acid-soluble fraction of sarcoma 180 in the presence 
of glucose. The introduction of glucose in the medium 
led to a marked increase in the synthesis of FGAR, the 
activity of which increased many times (Table 2), but 
along with FGAR in the cells radioactive pyrine nucleo- 
sides and nucleotides were seen, and also their di- and 
triphosphates (Figure 4). Such a picture reflects the 
condition of it-ensive nucleic acid synthesis and its 
precursors in the presence of glucose. 

Inasmuch as the addition of glucose was not 
accompanied by an increase in glycolysis in this group 
of tumor cells, we could assume that the pentose cycle, 
rather than glycolysis, was responsible for activation of 
the nucleic acid synthetic process. As far as tumors of 
the sarcoma 180 type are concerned, addition of glu= 
cose to the medium blocked the synthesis of purine 
nucleotides at the FGAR stage, which obviously was 
connected in some way with increase in the intensity 
of glycolysis and decrease in the pentose cycle. 

The accumulation of large quantities of acyclic 
ribotide,while there is an inhibition of the pentose 
cycle,is evidence that in tumor cells there are other 
sources of R-5-P, fully guaranteeing the first stages of 
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Fig. 3. Radioautographs of acid 
soluble fractions of sarcoma 180 
cells after 1 hour incubation 
without glucose (A) and with 
glucose (B) 1) FGAR; 2) AMP; 
3) adenosine, guanosine; 4) ADP 
5) ATP, ITP. 


nucleotide synthesis. The reason for the metabolic 
block apparently, consists in a lack of some type of 
cofactor, commor. for the glycolysis system and the 
system for nucleic acid synthesis. 

At the present time, owing to the investigations 
of Greenberg [33] and Buchanan and co-workers[32,34], 
the route of purine nucleotide synthesis de novo in 
anima] cells and the cofactors participating in this syn- 
thesis are well known. Routes of purine nucleotide and 
thymidine synthesis and possible ways in which these 
processes interact with oxidative metabolism of the 
cells are shown in the simplified diagram, 


Asseen from the diagram, following the FGAR 
stage,in the synthesis of purine nucleotides closing of 
the imidazole and purine rings requires as cofactors 
the presence of glutamine; ATP, TPN, TPN-H and 
tetrahydrofolic acid, participating in the activation of 
C™ formate and securing its incorporation as C-2in- 
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Interconnection of the Processes of Synthesis of Purine Nucleotides and Thymidine, and 
the Oxidative Transformations of Glucose in Tumors 
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glucose: 1) block, arising in tumors of the Ehrlich’s cancer type; 2) and 3) blocks, arising in 
tumors of the sarcoma 180 type, 





Fig. 4. Radioautograph of chromatograms of the acid soluble fraction 
of Yoshida sarcoma cells after 1 hour incubation with 200 mg % glucose 
1) FGAR; 2) AMP; 2) adenosine; 4) inosine; 5) guanosine;5) ATP; 7) ITP; 
8) IMP 


Fig. 5. Radioautographs of chromato- 
grams of acid soluble fractions of 

cells of ovarian cancer after incuba- 
tion A) with glucose (200 mg %); B) 
without glucose; C) with R-5-P (100 
mg %). 1) FGAR; 2) AMP; 3) adenosine, 
guanosine; 4) IMP, GMP; 5) ADP; 6) 
ATP 





TABLE 2, The Incorporation of Formate -C* in an Acyclic Ribotide (FGAR) 
and Nucleic Acids of Tumor Cells in vitro in the Presence and Absence of 


Ghicose 


Added 
giucose, 


Tumor 
mg. To 


2n0 


Sarcoma 180 
200 


200 


200 
Sarcoma 37 — 
200 


100 
200 


Rat ovarian cancer 200 


200 


Ehrlich’s cancer 100 


200 


Yoshida sarcoma 200 


the purine ring and C of the methyl group of thymi- 
dine. 

ATP, as is known, originates in glycolysis and the 
Krebs cycle, which, under the conditions of our experi- 
ments, guarantee the formation in the medium of 250- 
350 yp M of ATP in 1 g of cells per hour. Glutamine, 
evidently, is not a limiting factor, ince its addition in 
5M quantities per experiment did not show any effect 
on the nucleic acid synthesis. 

The main source of TPN-H is obviously the pentose 
cyclic. Since in the presence of high concentrations of 
glucose in tumors of this group the pentose cycle is in- 
hibited and the glycolysis is increased, because of the 
intensity of oxidation of DPN-H, it may be expected 
that in such conditions occurs an acute lack of reduced 
pytidine nucleotides which are necessary for synthesis of 
nucleic acid precursors. If this assumption is correct, 
then in conditions optimal for the occurrence of the 
pentose cycle, a stimulation of nucleic acid synthesis 
must be observed, and the inhibitory activity of glu- 
cose on the synthesis of purine nucleotides can be re- 
moved by increase in the concentration of reduced py- 
ridine nucleotides in the cell. The two following 
series of experiments verified the correctness of our 
assumptions. 


7104 
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104 000 
— 3200 
36 000 

640 
21 000 


— 640 
5100 
4380 
_- 680 
3000 
_ BOW) 
6140 


_ 973 
3860 
_ 2980) 
31 100 
_ 800 
22 600 


Radioactivity 


‘| RNA | DNA 


% of added |counts/ nucleic 


radioactiv- |/min/mg} acid 
isn ae 


0,27 
2,95 
0,23 
9,9 116 
0,69 148 
27,4 66 
1,03 144 
339 41,2 


1,06 130 
12,0 65,5 
0,32 95 
10,5 


0,15 213 
1,28 129 
1,10 154 
0,17 474 
0,75 137 
0,2 512 
1.5% 238 
0,39 530 
1.4% 40 
1,66 2280 
Zed 3200 


0,27 640 
7,55 1050 


204 
148 
243 


715 
208 
1960 
1290 
675 
605 
3 
155 
1520 
70 
570 
290 


In the first series of experiments we attempted to 
create conditions optimal for the existence of the pen- 
tose cycle in tumor cells, by the addition of proper 
substrates and cofactors to the medium. In experiments 
with cells of sarcoma 180, R-5-P in concentrations of 
50 and 10 mg % increased RNA synthesis one and one 
half to two and one half times respectively, but inhi- 
bited the syntnesis of DNA (Table 3). G-6P in combi- 
nation with pyridine nucleotides and thiamine also 
stimulated the synthesis of RNA, but inhibited the syn- 
thesis of DNA (Table 3). It is interesting that G-6-P 
apparently was not used under these conditions as a 
substrate for glycolysis, since we found no accumulation 
of lactic acid, but a depletion. 

Increase in the synthesis of RNA under conditions 
optimal for the pentose cycle was accompanied by a 
marked decrease in accumulation of FGAR. Nucleo- 
side-mono- and diphosphates were also found in cells, 
and in the presence of R-5-P direct precursors of RNA 
were accumulated — nucleoside-di- and triphosphates 
(Fig. 5). 

R-5-P increased the intensity of RNA synthesis three 
times and DNA almost two times in cells of ovarian 
cancer. Besides this, nucleoside-di- and triphosphates 
were accumulated in the acid-soluble fraction. 





TABLE 3. Accumulation of Formate-c“ in FGAR, RNA,and DNA in 
Cells of Sarcoma 180. Formate-C“ 200,060 counts/min/ sample; 


Incubation 1 hour at 37 


FGAR, counts’ 
/min/sample 


Added substance in mg 
sills lta caiagaicacicaaet 
Without additions 
Glucose, 100 
R-5-P, 50 
R-5-P, 100 
G-6-P, 100 + thiarnine + 

DPN, 50 
G-6-P, 100 + TPN, 50 


Apparently the basis of the stimulatory activity of 
R-5-P and G-6-P on the synthesis of purine nucleotides 
and RNA lies in the activation of the pentose cycle and 
the increase 1n concentration of TPN-H in tumor cells. 
On the other hand, the results obtained are evidence of 
the presence of competitive interaction between the 
processes of RNA and DNA synthesis. 

In the second series of experiments we tested the 
removal of the inhibitory activity of glucose on nucleic 
acid synthesis in s2rcome 180 and ovarian cancer cells 
by means of the addition of folic acid, pyridine nucleo- 
tides, and their precursors to the medium. Folic acid 
in concnewations of 20 mg % increased by 20-50 % the 
accumulation of formate-C™ in RNA and DNA in sar- 
coma 180 ceils,while the activity of FGAR somewhat 
decreascd. In concenuations of 200-400 mg % folic 
acid markedly stimulated FGAR synthesis, not causing 
further activation of nucleic acid synthesis (Table 4). 

However, we succeeded in removing the inhibitory 
activity of glucose on RNA synthesis in only one experi- 
ment by the addition of folic acid, in which the syn- 
thesis of RNA was inhibited 45%. In other experiments, 
in which the inhibition of RNA synthesis was greater 
(from 55 to 70 per cent) and in which there was a sig- 
nificant accumulation of FGAR, the folic acid even in 


Radioactivity 


RNA [DNA 


counts /min/ ng _ 


243 
116 
405 
560 
650 


1960 
1290 
603 
1230 
743 


315 


a concentration of 400 mg % did not restore the syn- 
thesis of RNA, while it removed the inhibitory action 
of glucose on DNA synthesis. 

In experiments with cells of ovarian cancer we 
succeeded in showing that a combinatiqn of folic acid 
with DPN-H removed the inhibitory action of glucose 
on RNA synthesis (Table 5). The most effective com- 
bination for restoring DNA synthesis in the presence of 
glucose was folic acid with TPN. A study of the effect 
of nicotinamide (NA) on the incorporation of formate- 
C’ into FGAR, RNA and DNA of cells of rat ovarian 
cancer is shown in Table 6. 

From these data it may be seen that nicotinamide, 
being a precursor of DPN synthesis markedly stimulated 
the incorporation of formate-C™ in RNA and DNA of 
cells of ovarian cancer in a concentration of 50 mg ‘%. 
but did not remove completely the inhibitory activity 
of glucose on nucleic acid synthesis. Thus, results of 
the second series of experiments verified our assump- 
tions that the reason for the inhibitory action of high 
concentrations of glucose on nucleic acid synthesis in 
tumors of the sarcoma 180 type was competition for 
limited quantities of reduced pyridine nucleotides 
between glycolytic enzymes and enzymes participat- 
ing in nucleic acid synthesis. The facts we have given 


TABLE 4. Effect of Folic Acid on the Incorporation of Formate-C™ in FGAR, RNA and 


DNA in sarcoma 180 cells 


Added subst. mgv 
lu- folic 
ose = facid 


Radioactivity 
EGAR, of m 

j samp 
| cpm/mg 


RNA | DNA |/glu-" [folic 
.| cose cpm/mg core [2c¢ sample —[epm/mg 


\dded subst, mg? Radioactivity 


FGAR, cpm/| RNA | DNA 


‘sample cpm/mg 


Ze 1S2 
Lo 22% 
5ou 47 
77 163 
21 148 
1640 223 
85.000 66 


303 200 20 67 000 64 
405 — — 3200 144 
492 a 4400 164 
276 — 400 5850 193 
675 = 104.000 41-2 
G16 200 95 G00 46.0 


605 92 000 56.4 





TABLE 5. Effect of Various Cofactors on the Incorporation of Formate-c™ 


Added substance 


Without additions 

Glucose 

Glucose + TPN + DPN-H + 
folic acid 

Glucose + folic acid 

Glucose + folic acid ¢ DPN-H 

Glucose - DPN-H + TPN 


Glucose # TPN 


Radioactivity 


| FGAR, county) ___RNA CNA 


/min /sample 


counts /min /mg 


800 140 512 
6140 50.5 238 
3740 53.7 719 


2280 69.1 126 
2820 130 116 
3680 23.2 210 
4480 102 444 


' 
Notes: Additives in the amounts: glucose~ 200 mg% DPN, TPN, and TPN-H — 


50 mg %; folic acid — 20 mg % 


here are evidence of the great complexity of the inter- 
action between the two routes of cxidation of glucose 
and the processes of nucleic acid biosynthesis in tumor 
cells. 

Glycolysis, having an energetic basis in the biosyn- 
thesis of nucleotides and nucleic acids in tumor cells, 


under certain conditions begins to inhibit these processes. 


On the other hand, the pentose cycle has great signifi- 
cance for biosynthetic nucleic acid processes in tumors 
as a principal source of reduced pyridine nucleotides. 

In the future, it would seem interesting to us to 
carry out a detailed study of the connection between the 
synthetic processes and oxidative metabolism of various 
tumors of animals and man, in order to discover for 
each type of tumor the particular metabolism used for 
their selective therapy. 


SUMMARY 
When a study was made of the processes of nucleic 
acid synthesis in vitro in cells of various tumors of 
animals, it was discovered that the addition of glucose 


to the medium either stimulated the incorporation of 
formate-C™ in nucleic acids (Ehrlich's cancer.Y oshida 


sarcoma) or inhibited this process (sarcoma 180, sar- 


i 
coma 37, ovarian rat cancer). The observed differ- 
ences between the investigated tumors were explained 
by a mobility in the ratio between glycolysis and the 
pentose cycle, occurring with the introduction into the 
medium of large concentrations of glucose. 

In tumors of the first group stimulation of nucleic 
acid synthesis by glucose is explained by displacement 
of equilibrium to the benefit of the pentose cycle. In 
tumors of the second group an increase in glucose con- 
centration from 50 to 200 mg % leads to stimulation of 
glycolysis and inhibition of the pentose cycle. 

Investigation of the acid-soluble fractions of this 
group of tumors showed that in the presence of glucose 
purine nucleotide synthesis is blocked at the stage of 
formation of formylglycine amide ribotide. Introduc- 
tion of folic acid and DPN-H into the medium removes 
the inhibitory action of glucose on purine nucleotide and 
nucleic acid synthesis in tumors of this group. 

The reason for the inhibitory action of glucose on 
nucleic acid synthesis in the second group of tumors 
apparently is competition between the glycolytic system 
and the system for nucleic acid synthesis for reduced py- 
ridine nucleotides. 


TABLE 6. Connection Between the Synthesis Processes of Purine Nucleo- 
tides and Thymidine and the Oxidative Transformations of Gluccse in 


Glucose 200 
Glucose + NA, 50 
NA, 50 
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The size and shape of a kinetic protein unit can be 
characterized by hydrodynamic indices, in particular 
by the sedimentation coefficient S. Changes in the 
latter's value indicate changes in the shape and size of 
the kinetic protein unit. 

There is no unanimity of opinion in the literature 
relating to the S value of myosin. According to Snell- 
man and Erdés [1], and Johnson and Landoh (2), the 
sedimentation coefficient of myosin at zero concentra- 
tion itn w ) amounts to 7.2; according tu Portzehl and 
co-workers [3], it is 7.1, and according to the measure- 
ments of Mommaerts and Parrish [4,5], it equals 6.66- 
6.7. In these publications, i. w Was calculated down 
to zero concentration by means of the extrapolation 
method. 

Kessler and Spicer [6] give the value of 5.15 for 
the sedimentation coefficient at 0.2% concentration 
on = Snellman and Tenow [7] established that myo- 
sin, extracted by Greenstein-Edsall’s solution, consists 
of two components, namely, myosin A with an 
S*soouw =7.2, and a heavy component with S*s0. as ® 12. 

Assuming the values of S),,, = 7.2 - 107%, 

Dx, = 0.9.1077, and V = 0.74 (where D's w Tepre- 
sents the diffusion coefficient at zero concentration, 
and V - the partial specific volume of the protein), the 
molecular weight of myosin is considered as amount- 
ing to 850,000 [3]. This value for the molecular 
weight of myosin is given in the literature as a stand- 
ard value [8,9], which was questioned when a higher 
S°5. w and a lower D°y, y value for myosin were dis- 
closed [4, 10, 11]. 

Mommiaerts and Parris’: [4] describe a dynamic ano- 
maly in myosin sedimentation, and Laki and Carroll 
[10] established the fact that myosin undergoes poly- 
merization at the temperature of the ultracentrifuge. 
When held for a short time at a temperature of 20-30°C, 
myosin undergoes an aggregation which is reversible. 
Laki and co-workers [11] found that at low temperature 
(4°C) the S°y9, 4, value for myosin amounts to 6.15. 
Assuming the values D°y, w = 10°” [12], V = 0.728 [5], 


and S°9, w= 6.15 (11), Laki and Carroll found the mole- 
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cular weight of myosin to be 500,000 (10). An almost 
identical low value for the sedimentation coefficient 
(S°x0. gy = 6-2) for myosin was obtained by Miller and 
co-workers{12]. The said anomaly in myosin polymeri- 


zation at low temperature makes it doubtful for the 


molecular weight of myosin to be 850,000. 

In, recent times, use is made of the method of un- 
settled sedimentation equilibrium, based on Archibald’s 
theory, for molecular weight determination. Hippel 
and co-workers (1Jestimated the molecular weight of 
myosin A and of the °5-hours® myosin B by Archibald’s 
method. Their data give for the molecular value of 
myosin A the value of (4.26 4 0.09)-10*, and for the 
“5S hours” myosin B, (4.2 4 0.2)-10°; the S"x. w of myo- 
sin B, measured by the method of speed rate sedimenta- 
tion, amounted to 6.25 4 0.15, and D's w = 1.0° 10-7, 
The molecular weight of myosin B, as calculated from 
these values, amounted to 4-10*, thus being slightly 
less than the molecular weight obtained by the authors 
by Archibald’s method. Recently, Mommaerts and 
Aldrich [14] conducted another investigation of crys- 
talline myosin A by Archibald’s method as well as by 
speed rate sedimentation. By the latter method they 
found that at 59,780 rpm the most probable value for 
Syo,w Would amount to (6.08 = 0.1)-10"%, and at 
29,500 rpm there takes place a noticeable increase 
with the temperature, and that the most probable value 
for S°xo.4) near 0°C would be (6.184 0.1)-10°%. On 
the basis of the obtained results the authors drew the 
conclusion that at zero concentration the S°,», w of 
myosin equals 6.5-10"". A directly obtained value for 
D is located between 1.04°10°” and 0.95107", for the 
0.5% and 1% myosin, respectively. According to the 
data of Mommaertsand Aldrich, the molecular weight 
of myosin, calculated by Archibald’s method, amounts 
to 380,000. After corrections, these authors assume for 
myosin the molecular weight of 420,000. 

Holtzer and Lowey [15] obtained for the S*x. w 
the values of 6.4 and 6.74 as related to the experi> 
mental temperature, using the sedimentation rate me- 
thed. By making use of the sedimentation and light 





dispersion methods, these authors obtained for myosin a 
molecular weight of 493,000. 

According to the theory, initially advanced by the 
Czeged group, muscular contraction is basically due to 
the interaction of ATP with actomyosin. As a result 
of this process, actomyosin splits into myosin and actin 
[16], as evidenced by a decrease in viscosity, opacity, 
and double refraction in the flow of actomyosin solu- 
tions under the effect of ATP (17). Portzehl and co- 
workers [‘}] came to a similar conclusion, while study- 
ing actomyosin and the system actomyosin ¢ ATP in an 
ultracentrifuge. 

According to Johnson and Landolt (2), on sedimen- 
tation, actomyosin produces two peaks, one slow, and 
the other rapid. The slow peak behaves in the centri- 
fugal field in a way similar to the myosin peak. The 
rapid peak is characterized by a high concentration 
effect (S°x,, .y= 60), while at a 0.13% concentration 
Ss. w= 15. The rapid peak decreases or disappears 
completely, depending upon the concentration of ATP, 
and is converted into a slow peak, seemingly into a 
myosin peak. The increase in the area of the slow peak 
permits, according to the authors, speculation that as a 
result of interaction of ATP with actomyosin, there 
occurs a breakdown of this complex into actin 


and myosin. The team of Italian investigators [18] has 
reached a similar conclusion. However, neither Johnson 
and Landolt [2] nor the Italian group [18] had obtained 
conclusive experimental data relating to the splitting 
of the actomyosin complex into myosin and actin by 
means of ATP. 

Hellert and co-workers[{1Q4studied the interaction 
of ATP and actinomyosin by means of an ultracentrifuge. 
On sedimentation, the * 5-hours* myosin splits into two 
components, a heavy component (357), which undergoes 
a structural change under the effect of ATP, and myosin 
(657). Myosin B, obtained by a 24 hr extraction with 
sedimentation, gives a myosin peak only after intcrac- 
tion with ATP. The same authors showed that the de- 
polymerization process of myosin B, caused by ATP, is 
reversible [20] (on sedimentation of myosin B in the 
presence of ATP, the system is unable to regenerate). 
They assume that in this instance there takes place the 
removal of the cementing agent, actin. 

According to Lowey and Holtzer [21] aggregations 
of pure myosin (from a monomer) differ from myosin 
B in properties and character of intermolecular bonds. 
Tinese facts speak against the assumption of Hippel and 
co-workers [22jthat myosin B is a polymer of A. In other 
words, the protein obtained by an extraction of long dura- 
tion should contain not only myosin, but the cementing 
substance, actin, as well. 

Our objective consisted in the determination of the 
sedimentation coefficient of myosin A, and in the eluci- 
dation of the causes for the scattered sedimentation 
values (between 6.4 and 7.2) found in the literature. In 


order to find out the mechanism of interaction of myo- 
sin and myosine B with ATP, we undertook a study of 
the behavior of the systems: inyosin + ATP and myesin 
B+ ATPinan ultracentrifuge 


EXPERIMENTAL 

The crystalline myosin A was obtained by Szent- 
Gy®rgyi’s method [16], and myosin B by a method pre- 
viously described by us [23]. Previous to the ultracentri- 
fugal investigation, the protein solutions were centri- 
fuged at 16,000 x g. Concentrated solutions of proteins 
(1-27) were used, and these were diluted by solvents 
to the desired concentration. Chromatographically pure 
ATP was used in the experiments, it being obtained by 
chromatographic separation of nucleotides on a column, 
by the method of Cohn and Carter [24} (for details see 
Baev (25]). The strongly basic anionic resin De-acedite 
FF was used for the purification ATP; free ATP (issued 
by the Ivanovskii meat concern, using Lubimova’s 
method [26]), served as issuing material. The sedimen- 
tation coefficient was deterinined by the method of 
sedimentation rates in Svedberg’s oil ultracentrifuge at 
50,000 rpm. The optical registration of the refraction 
ggadient was conducted by Svenson’s cylindrical lense 
method [27]. 

The sedimentation coefficient was calculated by’ 
the equation: 


_ 2,303 dinx 
ae ae 


where w represents the avcrage angle rotor velocity, t 
the time, 2.303 the modulus of conversion of decimal 
logarithms into natural ones. In order to bring S to 
standard conditions, it is multiplied by two tempera- 
ture factors: 

1 1—PraVen 


=S-—- 


0 
S20, w Tan 1 —p-¥ *” 


where Sens w represents the sedimentation coefficient 
under standard conditions, 9 - the viscositv of the sol- 
vent under experimental conditions, 1 2g-- the viscosity 
of the sample solvent (water) at 20°C, V- the partial 
volume of protein under experimental conditions, V2. - 
the partial specific volume at 20° in the sample sol- 
vent (water), p - the density of the solvent at the tem- 
perature of the experiment, pgq~-the density of the 
sample solvent at 20° [28, 29]. Since the value of the 
sedimentation coefficient of myosin depends on the 
concentration (C), we determined S*s6,w by extra- 
polating the curves S°,.,., = { (C) to zero concentration. 
As can be seen from formula I, the tangent of the 
slope of the curve Ig x=f (t) serves as yardstick for 
the value of the sedimentation coefficient, and there- 
fore the changes in the curve due to the interaction of 
the protein molecule with ATP, in the first approxima- 
tion, served as a criteriorf of changes in theprotein unit 
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withrespect toshape and dimensions of the kinetic protein 
unit. 


RESULTS AND DISCUSSION 


In Fig. 1 are represented the curves illustrating the 
sedimentation coefficient of myosin as related to pro- 
tein concentration. In the first series of experiments 
(curve 1), the myosin was investigated immediately 
after ithad been received (all experiments using the 
ultracentrifuge were completed within 48 hr after the 


decapitation of the rabbit); in the second experimen- 
tal serics myosin was kept for one weck at 4°C prior to 
use (curve 2). As can be seen from Fig. 1, the expcri- 


Concentration, fo 


Fig. 1. Coefficient of myosin sedi- 
mentation, as related to concentra- 
tion. 1) fresh myosin; 2) one week- 
old myosin; 3) a dilute solution 

(C = 0.025%) of myosin, after two 
weeks" storage; 4) the slow compo- 
nent of the system myosin B - ATP. 
The solvent is 0.6M KCl, of pH 
6.4; the centrifugal force is 185,000 
X g. The experiments were con- 
ducted at 16 - 20°C; the tempera- 
ture of the rotor in each experi- 
ment was regulated to 0.1°C, 


mental points fit the straight lines well, representing 
the relation to concentration, By extrapolating the straight 
lines S =f (C)to infinite dilution, there was obtained for 
fresh myosin S50, w = 6.05 (curve 1), while, when the 
protein was aged, the value of the coefficient increased 
to 7,1 (curve 2). Since the sedimentation coefficient 
increases only ty one Svedberg unit, one must assume 
that this increase is not caused by a polymerization 
process, but by an elongation of the rotation ellipsoid 
of the kinetic unit of myosin. A prolonged storage of 
protein, especially in dilute solution (point 3), causes 

a sharp decrease in the sedimentation coefficient, 
which indicates a breakdown of the fibrillar particle 
into separate fragments with a low molecular weight. 
The S*,., w of myosin diminishes at a concentration of 
0.035% from 5.95 to 2.35. 

These data indicate that the freshness of the speci- 
men is of special importance for the determination of 
the sedimentation coefficient, quite aside from the 
dynamic and temperature deviations [4, 10], since on 


710 


storage the kinetic protein unit undecgoes changes 
(even when a concentrated solution of protein is kept 
at low temperature). It follows from our experiments 
that for myosin A,S°s, w = 6.05. 

As has been already pointed out, the change in 
the angle of lg x=f (t) can serve as a yardstick of the 
change in the kinetic unit under the effect of the ac- 
tive agent (in our case, ATP), under otherwise equal 
experimental conditions (the protein concentration, the 
solvent, the rotation speed, and the temperature of the 
rotor). Under the enumerated conditions (within the 
limits of error) we investigated the interaction of 
myosin A and myosin B with ATP. In these experi- 
ments, the following buffer solution served as solvent: 
0.6M KCl, 0.05M trisodium phosphate (TSP), 107?M 
MgCl, of pH 7.6. Previous to the experiment, the 
solution of ATP was brought to the same pH by 0.1N 
KOH, the final concentration of ATP in the solution 
amounting to 0.15 - 0.3%. Myosin gives one distinct 
peak in the presence, as well as in the absence, of ATP 
(Figs. 2 and 3). 
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09 © 
Fig. 2. Sedimentation of 
myosin. Protein concentra- 
tion, 0.14%; composition of 
the buffer solution: 0.6M KCl, 
10 *M MgCl,; 0.05M TSP, pH 
7.6; centrifugal force, 186,000 
X g; temperature of rotor, 20°C. 
In this figure, and in Figs. 3,5, 
and 6, in front of each sedimen- 
tation diagram is shown the time, 
in minutes, which has elapsed from 


the beginning of the experiment 
to the taking of the picture. 


In Fig. 4 are represented the curves of lg x as re=- 
lated to t, for myosin and the system of myosin + ATP. 
As can be seen from Fig. 4, the curve Ig x=f (t) for 
myosin (1) is strictly parallel to the straight line for 
the system myosin + ATP (curves 2 and 3). The calcu- 
lation shows that the value for the sedimentation co- 
efficient for myosin is identical (amounting at 0.14% 
to 5.77), whether in the presence or absence of ATP. 

It indicates that the kinetic unit of myosin does not 
change under the effect of ATP. 





Fig. 3. Sedimentation of the 
system myosin + ATP. The 
concentrations of protein and 
ATP are 0.14 and 0.3, res- 
pectively; the centrifugal 
force is 186,000 x g; the 
temperature of the rotor, 20°C; 
the buffer solution is as in 

Fig. 2. 


2 
a 


Fig. 4. a representation of lg 
x= f(t) for myosin (1) and the sys- 
tem myosin ¢ ATP (2 and 3). For 
protein concentration and ATP, the 
composition and pH of the buffer 
solution, and the experimental setup, 
see Figs 2 and 3. 


Myosin B differs in behavior in the centrifugal 
field, depending upon the method by which it is 
obtained. Usually, myosin B consists of two compo- 
nents, one which is a heavy, and the other, light 
(Fig. 5). 

In the case represented in Fig. 5, the concentration 
of myosin B amounts to 0.257. The ratio of the areas 
within the peaks is 3:1; thus, the concentration of the 
first component amounts to 0.25 x 0.75, and of the 
second, 0.25 * 0.25%, 
=5,64 at C of 0.187%, and for the second, 31.8 at C 
of 0.063%. The light component must, therefore, 
according to calculations, represent a monomer of 
myosin A. This slow component either diminishes or 
disappears entirely upon increasing the degree of tissue 
comminution and of extraction time (Fig. 6A). 


For the first component, A, S29, w= 


23.6 
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Fig. 5. The sedimentation 

of 18-hr myosin B. Protein 
concentration, 0.25 %, centri- 
fugal force, 90,800 g; tem-~ 
perature. of the rotor, 19°, S29, w = 
=5,65 the slight peak C= Q187% 
and 31.8 (the heavy 

peak C = 0.063%). For the 
composition and pH of the 

buffer solution, sce Fig. 2. 


Upon thorough comminution of muscular tissue in 
the extraction fluid, and an increase of the duration of 
the extraction to 36hr, we obtain vitamin B, which 
gives in the uluracentrifuge cnly one heavy peak. Such 
a specimen of myosin B behaves like a “colloid”, and 
precipitates at a high rate (Fig. 6A); its sedimentation 
coefficient, at a protein concent-ation of 0.25% 
amounts to 38.83. Since the peak of myosin B shifts 
with great speed, we undertook its observation at 
54,000x g. Under the effect of 0.15 - 0.3% ATP solu- 
tion, this peak is transformed into a slow one, which 
shifts with a moderate speed (Fig. 6B). In Fig. 6 are 
compared the peaks of myosin A, myosin B, and the 
slow peak of the system B+ ATP; as a result of interac- 
tion with ATP, myosin B is converted into myosin A, 
without the formation of the second peak, the peak of 
actin. 

In Fig. 7 are represented lg x=f(t) for myosin B 
(1) and for the slow component of the system myosin 
B + ATP (2); calculation, based on curve 2, shows that 
S2o,w of the slow component equals 5.38; this value 
fits well the curve S = f (C) of myosin (Fig. 1, curve 2, 
point 4). 

The reported data indicate that there is no F-actin 
formation during interaction of ATP with myosin B, and 
only a purely myosin A peak is being formed. This is 
in agreement with the data of Lowey and Holtzer (21), 
and of Hippel and co-workers[2J. Simultaneously, 
Lowey and Holtzer [21] showed that aggregations of 
pure myosin A do not resemble myosin B in properties, 
and thus myosin B can not represent a simple aggrega- 
tion of myosin A. 

If one compares the data obtained by Lowey and 
Holtzer [21], as well as the data of Hippel and co-work- 
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Fig. 6. Sedimentation diagram. A) 26-hr myosin B; protein concentration, 0.25%; 
centrifugal force, 53,660 x g; temperature of the rotor, 18°C; Sp. = 38.83_B) 
myosin A, protein concentration, 0.14%; centrifugal force, 184,500 x 8; tempera~ 
ture of the rotor, 20°C; S»,w = 5.77, C) system of myosin B + ATP; concentra- 
tion of protein and ATP, 0.25 and 0,47: respectively; centrifugal force, 185,724 x 
* g; temperature of the rotor, 19. 1°; See w = 5.38. For the composition and pH 


of the buffer solution, see Fig. 2. 


ers [22] with our results, one may assume that: 1) 
either myosin B represents a copolymer of myosin A, 

or 2) that in the muscle, the cementing agent 

of myosin A may consist, besides actin, of still unknown 
high molecular compounds, or that the polymerization 


ga 
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182 
{81 


of myosin A into myosin B is being promoted by fer- 


mentative systems, present in the primary salt extracts, 18 
which are being removed during the subsequent precipi- 
tation of myosin B, Such an assumption is indicated by 
the fact that myosin B, when acted upon by ATP, splits 
into myosin A without the formation of actin. 

According to .he data of Erdos (30), and Hayashi 
and co-workers [21], as well as our data [23] and those 
of other investigators, mechanical models (threads) of 
pure myosin do not contract under the effect of ATP, 
while actomyosin threads and threads of myosin B 
contract by 40 - 50%. Based on this fact, the said in- 
vestigators assume that actin is necessary for the pro- 
cess of muscular contraction. In view of the fact that 
protein threads from synthetic actomyosin, as well a. 
from myosin B, contract by 40 - 50% under the effect 
of ATP, there naturally arises the question whether 
actomyosin or myosin Bconstitutes the contractive 
muscular substance. The latter, as already pointed out 
by us, differs from actomyosin in that it represents a 
copolymer of myosin A, and does not contain actin. 
Thus, actomyosin and myosin B are not identical, 

If muscular contractions are the result of the split- 
ting ofthe polymeric myosin A into monomeric myosin, 
the macroergic energy of ATP has to be spent for the 
breaking of the chemical bonds, connecting the mono- 
mers of myosin A, irrespective of the nature of the 
cementing agent (e.g., whether it is a protein substance 
or a low- molecular compound). Since “polymyosin® 
or a polymer from a pure monomer myosin A, does not 


ee ES 

Fig. 7. Graphic represen- 
tation of the function lg x = 
= f(T) for 36 hr myosin 

B (1) and the system of 
myosin B+ ATP (2). For 
protein and ATP concentra- 
tions, the composition and 
PH of the buffer solution, 
and experimental conditions, 
see Fig. 6A and C, 


dissociate under the effect of ATP [21], while myosin 
B (a copolymer of myosin A) splits into monomeric 
myosin A, one may assume that myosin B, in contrast 
to “polymyosin®, contains additional (longitudinal) 
chemical bonds besides transverse bonds. ATP causes 
the breaking up of the tansverse,, as well as of the 
longitudinal chemical bonds. Thus, the interaction of 
ATP with myosin B can be represented in the following 
way (4F represents a change in the free energy of the 
system): 
ATP-ase 
ATP ————--+ ADP + H,PO, (AF == 10,500); 


Myosin Ben myosin A + ( cementing agent) ( AF > 0). 
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SUMMARY 

The sedimentation coefficient of myosin A amounts 
to 6.05. The kinetic unit of myosin A does not change 
under the effect of ATP. 

Usually, myosin B splits in a centrifugal field into 
two peaks, a peak of a light component (the peak of 
monomeric myosin A), and a peak of a heavy compo- 
nent (the peakof copolymeric myosin A). With an 
increase in the degree of comminution and the dura- 
tion of extraction, the monomeric peak diminishes or 
disappears completely, being transformed into the 
copolymer peak. 

Under the effect of ATP the peak of myosin B 
(copolymer) is transformed into the peak of myosin A, 
without the formation of the actin peak. Thus, myosin 
B represents a copolymer of myosin A, the particles 
of which are interbound not by molecules of the high- 
molecular compound (actin), but by components of 
low-molccular weight, or, perhaps, the intermonomeric 
link is performed by functional groups of tertiary pro- 
tein structure, in the presence of the fermentative sys- 
tems of muscular tissue. Actomyosin and myosin B 
are not identical. 

The free energy, which is liberated on the split- 
ting of ATP, is to be expended for the cleavage of bonds 
between the monomers of myosin A, and, as a result, 
there automatically takes place a breakdown of the 
copoly.ner (myosin B) into monomers. 

The author wishes to express his thanks to the 
members of the Institute for Highmolecular Compounds 
of the USSR Academy of Sciences, Prof. S. E. Bresler 
and S, Ya. Frenkel’, for invaluable assistance in con- 
ducting the present investigation, 


LITERATURE CITED 

1. O. Snellman, and Th, Erdés, Biochim. et biophys. 
acta 2, 650 (1948). 
?. Johnson and R. Landolt, Nature 165, 430 (1950). 
H. Portzell, G. Schramm, and H. H. Weber, 
Naturforsch, 5b, 61 (1959). 
W. F. Mommaerts and R. G., Parrish, J. Biol. Chem. 
188, 545 (1951). 
R. G. Parrish, and W. F. Mommaerts, J. Biol. Chem. 
209, 901 (1954). 
V. Kessler, and H. S. Spicer, Biochim. et biophys. 
acta 8, 478 (1952). 
O. Snellman and M. Tenow, Biochim. et biophys. 
acta 2, 384 (1948). 
A. G. Szent-GySrgyi, Advances Enzymol. 16, 
313 (1955). 


9. OD. Edsall, in: Proteins, G. Neurat and K. Bailey, 
Ed. [Russian translation] (IL, Moscow, 1956) 

Vol 2, p 150. 

10. K. Laki, and W. R. Carroli, Nature 175, 389 (1955). 

11. K. Laki, H. S. Spicer, and W. R. Carroll, Nature 
169, 328 (1952). 

12. G.L. Miller, R. H. Golden, et al., Arch. Biochem. 
an¢ Biophys. 41, 125 (1952). 

13, P. H Hippel, H. K Schachman, et al., Biochim. et 
biophys. acta 28, 504 (1958). 

14. W. F. Mommacerts, and B. B. Aldrich, Biochim. et 
biophys. acta 28, 627 (1959). 

15. A. Holtzer and S. Lowey, J. Am. Chem. Soc. 81, 
1370 (1959). 

16. A.G.Szent-Gyorgyi, Muscular Action [Russian 
translation] (Medgiz, Moscow, 1947). 

17. Contemporary Problems in Biochemistry: Collec- 
tion of Articies, V. A. Engelhardt, Ed. [Russian 
translation) (IL, Moscow, 1957). 

. G. Lamedica, G..Chigliotti, and F. Astengo, Arch, 
* E. Maragliano,” patol. e. clin. 14, 317(1958). 

. M. F. Hellert, P. H. Hippel, et al., J. .m. Chem. 
Soc. 81, 1384 (1959). 

. P. H. Hippel, M. F. Gellert, and M. F. Morales, J. 
Am. Chem. Soc. 81, 1393 (1959). 

. S. Lowey, and A. Holtzer, J. Am, Chem. Soc. 
81, 1378 (1959). 
P. H. Hippel, M. F. Gellert, and M. F. Morales, 
Proc. of the Conf. on Muscle Contraction, 
International Enzyme Symposium (Tokyo, 1957). 

. M.M. Zlishvili and G. V. Mikadze, Biokhimiya 
24, 612 (1959). ° 

. W.E. Cohn and C, E, Carter, J. Am. Chem. Soc. 
12, 4273 (1950). 
A. A. Baev, Biokhimiya 23, 164 (1958).° 
M. N. Lyubimova and F. S, Fain, Vremennye 
Technicheskie uslovia na ATP, VTU, 1796/53. 

. H. Swenson, Kolloid Z. 87 (1939), Ark. Kenn. 
Min. Geol. A 22, 102 (1946). 

. T. Svedberg, and K. O. Pedersen, The Uluacentri- 
fuge (Clarenden Press, Oxford, 1940). 

29. S. Ya. Frenkel’, Uspekhi Fiz. Nauk 52, 161 (1954). 

30. T. Erdds, Studies Inst. Med. Chem. Univ. Szeged. 
3, 57 (1943). 

31. T. Hayashi, R. Rosenbluth, et al., Biochim. et 
biophys. acta 28, No. 1 (1958). 


* Original Russian pagination. See C. B. translation. 





AMINO ACID ACTIVATION IN THE NUCLEI 
AND IN THE SOLUBLE CYTOPLASMIC FRACTION 


OF RAT LIVER CELLS 
V. A. Gvosdev 


Translated from Biokhimiya, Vol. 25, No. 5, pp. 920-930, 


September-October, 1960 
Original article submitted March 8, 1960 


It is proposed that the nucleus can determine the 
formation of specific proteins via the synthesis of nu- 
clear RNA, which is then transferred into the cytoplasm. 
However, in the nucleus itself there can evidently take 
place synthesis of individual proteins. 

The most certain intracellular protein synthesis 
was shown by the studies from Mirsky's laboratory 13). 
in which there was observed the incorporation of la~ 
beled amino acids into proteins following their incuba- 
tion with isolated thymic nuclei. Mirsky and co-work- 
ers have brought out evidence in favor of the fact that 
incorporation of amino acids, under the conditions of 
their experiments, reflected actual new formation of 
proteins. Mirsky*s observations were confirmed by 
Salganik [2]. The conclusion concerning nuclear pro- 
tein synthesis, which was based on results of biochemi- 
cal experiments, is in accord with data obtained by cyto- 
logical methods [3,4]. 

The works of Mirsky and Salganik have brought out 
the definite role of DNA and RNA in the intranuclear 
proteia synthesis. In relation to the importance of nu- 
cleic acids as information sources during the determina- 
tion of specific proteins, the detailed study of protein 
synthesis in the nuclei assumes special interest. 

It is known that formation of proteins is a multistep 
process. According to contemporary ideas, the first 
Stage in cytoplasmic protein synthesis is the activation 
of amino acids by enzymes which are localized in the 
soluole phase of the cell. These enzymes have been 
names “pH 5-enzymes*. 

Activation is accomplished in the presence of ATP 
and Mg” and leads to the formation of aminoacylade- 
nylates [SE 


; _, Mat 
ATP + amino acid ~~ AMP-amino acid + pyrophosphate. 


At the present time it has been shown that his pro- 
cess is necessary for incorporation of labeled amino 
acids into microsomal proteins [6], into Escherichia 
coli protoplastic proteins [7], and for the accumulation 
of aldolase activity in a microsomal preparation (8), 
and for others. Schweet [9] brought forth convincing 
evidence that amino acid activation with the help of 
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the soluble pH 5-enzymes was necessary for microso- 
mal synthesis of an individual protein ~ hemoglobin. 

Therefore, the assumption can be considered as 
substantiated in accordance with which, for the purpose 
of protein synthesis in submicroscopic granules, there 
are utilized amino acids activated by pH 5-enzymes 
from the soluble cytoplasmic phase. 

The above presented data speak of the fact that 
nuclei are, evidently, capable of protein synthesis. In 
connection with this, there arises a question: Are nu- 
clear proteins formed from amino acids activated with- 
in the nuclei, or are the nuclei, as well as the micro- 
somes, utilized for the protein synthesis of amino acids, 
activated in the soluble cytoplasmic fraction? The 
present work is devoted to the solution of this question.° 


EXPERIMENTAL 
Isolation of pH 5S-enzymes from the cytoplasm 


Before initiating the investigation of nuclei, it was 
necessary to obtain active preparations of cytoplasmic 
pH 5-enzymes, in order that there could be conducted 
a comparative study of amino acid activation by these 
preparations and by nuclei. 

According to Hoagland’s method [5] pH 5-enzymes 
are isolated from the soluble fraction of the homo- 
genate, which has been obtained following the precipi- 
tation of microsomes by prolonged centrifugation at 
105,000 x y, by acidifying the medium to pH 5. 

There has been devised a modification of this me- 
thod which does not necessitate an ultracentrifuge and 
which requires lesstime. For the removal of micro- 
somes there was utilized CaCl, which agglutinates 
submicroscopic granules and speeds up their precipita- 
tion. 

All of the operations during isolation of pH 5-en- 
zymes were conducted at cold temperatures. Rat liver 


* At the time of preparation of this study for publication 
there were published the investigations of Hopkins [10] 
showing that nuclei isolated from calf thymus and chick 
kidneys could catalize the amino acid dependent ex- 
change between pyrophosphate and ATP. 





was homoyenized in a glass homogenizer of Potter and 
Elvehjem for 4-5 min with 1.5 volumes of 0.05 M KC}. 
The homogenate was centrifuged at 8000 rpm for 20 
min in order to remove whole cells, nuclei and mito- 
chondria. The precipitate was discarded and to the 
centrifugate there were added two volumes of 0.05 

M KCl and 0.5 M CaC}, with a final concentration of 
0.013 M; this was done in order to agglutinate the 
microsomes (an attempt to isolate an active pH S-en- 
zyme by fractionation with magnesium chloride or 
ammonium sulfate was unsuccessful). The diluted cen- 
trifugate, after the addition of CaCl), was left in ice 
for 20-30 min, then centrifuged at 8000 rpm for 10 min. 
The microsomal precipitate was discarded and the 
supernatant was acidified with 1 M acetic acid to pH 
».0-5.2. The precipitate that formed in 20-25 min was 
separated by centrifugation and the supernatant was 
discarded; the precipitate was resuspended in alkaline 
water by means of a Potter-Elvehjem homogenizer so 
as to yield an enzyme preparation containing approxi- 
mately 15 mg of protein/ml (alkaline water was ob- 
tained by addition of KHCO, up to pH 7.8). The final 
pH of the suspended precipitate prior to centrifugation 
should be 7.6. In order to separate the insoluble frac- 
tion of the precipitate, the suspension was centrifuged 
for 10 min at 8000 rpm. The protein was precipitated 
with 6% TCA and washed with 5 TCA; protein con- 
centration of the preparation was determined by Lowry‘s 


method [11]. 


RNA concentration of the preparation was deter- 
mined by precipitating it with 0.56 N HCIO, and twice 
washing it with cold 0.5 N HClO,g. The precipitate 
was extracted for 20 min with 0.5 N HCIO, at 90° and 
the filtrate nucleotide content was determined spectro- 
photometrically by Spirin’s method [12]. The RNA 
content of these preparations comprised 4-5%. In 
accordance with Hoagland’s data [13] a preparation of 
pH 5-enzymes contains approximately 5% RNA. Conse- 
quently, by refraining from prolonged rapid centrifuga- 
tion, one is able to obtain a preparation comparable in 
its Composition to pHS-enzymes. Their yield was de- 
termined with the help of the isotope dilution method. 
For this purpose rats were injected subcutaneously 14 
hr prior to killing with S** - methionine at the ratio of 
0.4 uC/g of body weight, then the labeled pH 5-en- 
zymes were isolated from the liver and their specific 
radioactivity (SA) was determined. A definite amount 
of this labeled fraction was added to the homogenate 
of another nonradioactive liver. From this homogenate, 
once again there was isoiated a preparation correspond- 
ing to pH S-enzymes and its SA was determined. 
According to the formula utilized with the isotope dilu- 
tion method [14] it was calculated that in 1 g of rat 
liver there are contained 22 mg of protein fraction 
corresponding to pH S-enzymes. Their yield according 
to the present method of isolation comprised ~20%, 


Determination of pH 5- Enzyme Activity 

Enzyme activity was determined by measuring the 
accumulation of amino hydroxamic acids which are 
formed during incubation of pH 5-enzymes with ATP, 
magnesium and amino acids in the presence of high 
conceatrations of hydroxylamine, which is formed with 
adenylates of amino acid hydroxamates: 


HOH 


@ 
AMP - amino acid ¢ NH,OH -> AMPSR-CH-C< 
| 


NH, 


hydroxamate 


Enzyme incubation and shaking was conducted at 
37° for one hour. Composition of the incubation sam- 
ples (total volume 1 ml) was as follows: pH 5-enzymes, 
5-7 mg of protein; ATP, neutralized with 1 N KOH to 
pH 7.0-7.2, 15-20 pM; Mg SOg, 15-20 pM; hydroxyla- 
mine, salt-free 1000-1500 yM; amino acid mixture, 
neutralized with 1 N KOH to pH 7.0-7.2, containing 
4 uM of DL-form of each amino acid.f 

In the majority of experiments the incubation was 
conducted without addition of a special buffer, as hy- 
droxyiamine and neutralized ATP, at high concentra- 
tions, possess sufficient buffering capacity (pH of the 

‘mixture 7.5). For the determination of the quantity 
of ATP which was being added to the incubation samples, 
there was conducted analyses of two ATP preparations 
which were utilized in this study3; then the content of 
ATP was analyzed itself and that of other nucleotides. 
For this purpose the preparations were separated by 
electrophoresis on paper ( No.2043B, firm of Shleikher 
and Shul) with acetate buffer (0.08 M CH;COONa-0.2 M 
CH;COOH) and with voltage of 350 v and current 
strength of ~ 0.4 ma/cm of paper width. Duration of 
electrophoresis ~6 hr. After determining the localiza- 
tion of the AMP, ADP, and ATP spots with the help of 
an ultrahemiscope, they were eluted with 0.01 N HCl 
and theiz concentration was determined spectrophotome= 
trically at 260 mp, assuming the molar coefficient of 
extinction at pH 2 was equal to 14,200. The analysis 
has shown that in two different ATP preparations there 
were contained correspondingly 57 and 52% of ATP by 
weight. 

Salt- free hydroxylamine was obtained from the hy- 
drochloride by Beinert’s method [15]. Hydroxylamine 
concentration was determined colorimetrically with 8- 
hydroxyquinoline according to Frear [16]. The concen- 
trated (12-20M) hydroxylamine can be stored for a 
month of longer at - 10 to - 15°. 


t The composition of amino acid mixture: phenylalamine, 
valine, leucine, lycine, threonine, serine, alanine, 
histidine, arginine, glycine (2M), isoleucine, trypto~ 
phane, methionine, glutamic and asparginic acids. 


+ ATP preparations were from the Ivanovskii meat plant. 
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The quantity of hydroxamates formed during incu- 
bation was determined according to Hoagland [5]. Tol 
ml of reaction mixtuie there were added 3.0 ml of rea- 
gent containing 107, FeCly , Sf TCA and 0.7 N HCl. 

The precipitated proteins were separated by centri- 
fugation and the samples were measured colorimetri- 
cally, within an hour, with a green filter in apparatus 
FEK N-57. Enzyme activity was determined by extinc- 
tion differences between a complete sample and one 
without amino acids. Samples without ATP or hydroxyl- 
amine, but with boiled, inactivated enzymes, served as 
other controls, Nonenzyimatic formation of hydrox- 
amates, observed by Lowenstein (17) in the presence of 
Mgt*, was not observed in the present experiments. It 
is known that the reaction with FeCl, is not sufficiently 
specific for hydroxamates and a comparable slight red- 
brown coloration can be obtained from reaction with 
other substances, in part with amino acids and hydroxyl- 
amine. Thus, into the samples without hydroxylamine 
or amino acids, after incubation and before addition of 
FeCl;, these missing components were added. Equimolar 
mixture of alanylvalyl -, tryptophanyl - and leucine 
hydroxamic acids served as the standard for the determi- 
nation of hydroxamates. Synthesis of these amino hydrox- 
amic acids was accomplished, according to Fischer [18], 
through the hydrochloride ethy! esters of the correspond= 
ing amino acids, Corresponding hydroxamates, which 
were separated after crystallization for many days from 
the parent solution and recrystallization from water, were 
obtained, according to Wilson [19], by the action of salt- 
fzee hydroxylamine on the hydrochlorides of these esters, 


Determination of the amino acid activation by the 
preparations of pH 5-enzymes, obtained by the method 
cescribed above, showed that the activity of these pre- 
parations was of the same order as of the enzymes 
described by Hoagland (5). 


Hydroxamate, 1 M 


2 ~ 6 
Protein in the sample, mg 


Fig. 1. Interrelation betweea 
concentration of pH 5-enzymes 
and the quantity of hydroxamates 


formed. 1) With added amino 
acids, 2) without amino acids- 


Investigation of the dependency of hydroxamate 
formation on the sample*s protein concentration allowed 
the conclusion that the quantity of hydroxamates 
formed increased with the increase in the quantity of 
protein, up to the point when the concentration of the 
latter did not reach 6-7 mg/ m1 (Fig. 1). Approxi- 
mately the same was observed by Hoagland [5]. This 
could be explained, evidently, by a large admixture of 
ATP-~ase in the present preparation. Formation of hy- 
droxamic acids increased following parallel increase 
in the concentrations of ATP and Mg** upto 30 yp M/1 
m1 (Fig, 2), Disregarding this, ATP and Mg** were 
utilized in considerably lower concentrations (15-20 
uM/ ml) in the experiments in order to prevent the 
formation of a precipitate following interaction of hy- 
droxylamine with ATP. Since enzyme activity was 
determined by the difference in color which had de- 
veloped in the complete sample and in the sample 
without amino acids, there could have been anticipated 
an increase in the pH 5-enzyme activity after removal 
of endogenous amino acids. However, dialysis of the 
enzyme overnight, in cold, against 0.05 M KCl did not 
increase the difference between the complete sample 
and the one without amino acids. Storage of the en- 
zyme for 2-3 weeks at 4° resulted in a two-fold drop 
in the tyrosine-activating activity. 

An attempt was made to obtain a more active en- 
zyme by utilizing for its source not a normal, but a 
regenerating rat liver, in which, as is known, there is 
a sharp intensification of protein formation. But it 
became apparent that the specific and total (per 1 g of 
liver) pH 5-enzyme activities, isolated in 24 and 42 hr 
after partial hepatectomy, were not higher than the 
activity of the enzyme obtained from normal tissue. 
These results are in agreement with the data of Hultin 
[20], who has shown that during regeneration of rat 
liver there was an insignificant increase in the pH 5- 


Hydroxamate, 1M 


ry 20 
ATP and Mg, »M 


Fig. 2. Influence of ATP and 
Mg** concentrations on the 
formation of amino hydroxamic 
acids, 
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enzyme activity. In this way, the author was success- 
ful, by a slight modification of Hoagland’s method, to 
obtain pH 5-enzymes without utilizing excessive cen- 
trifugal speeds. The composition of the obtained pre- 
parations (ratio RNA; protein) was similar to enzymes 
described in the literature and were equal in their 
activity. 

After familiarization with the method of determin- 
ing amino acid activation in the soluble fraction of rat 
liver, the author was able to move to immediate ex- 
posure of enzyme activity in cell nuclei. 


Nuclei Isolation Method 

Nuclei were isolated by a slight modification of 
the method of Chauveau and co-workers (21). The 
liver was perfused with a cold solution of 0.15 M NaCl 
through the portal vein and then homogenized with 15 
volumes of 2.2M sucrose, with 0.0018 M CaCl, ina 
glass homogenizer. The homogenate was filtered 
through two layers of gauze and then centrifuged for 
one hour at £000 rpm. The precipitate was suspended in 
0.25 M sucrose, Ca free, and it was utilized in the ex- 
periment (generally the whole precipitate obtained 
from 20-25 g of liver was suspended in 1 ml of sucrose). 
The protein content was determined accordiny to Lowry 
(11). In the process of isolating the nuclei it was found 
necessary to add calcium to the medium, for if it was 
not added, then afte, the first centrifugation the nuclear 
precipitate appeared as a solid gel which could not be 
washed. Resuspension of this gel in a Potter-Elvehjem 
homogenizer resulted in nuclear destruction. 

The purity of the nuclear preparation was checked 
in the unstained state by pliase contrast microscopy and 
also after staining with crystal violet and with the mix- 
ture acetorcein - fast green according to Kurnick [22]. 
In the preparation there were practically no whole cells 


VAS 


Fig. 3. Nuclei isolated from rat liver by the modified 
method of Chauveau (unstained preparation). 


observed, or their aumber comprised only one tenth of 
a percent of the total number of nuclei. Erythrocytes 
were stained green according to Kurnick; they likewise 
were practically absent from the preparations. Admix- 
ture of mitochondria was insignificant (Fig. 3). 


Tyrosine Activation in the Nuclear Fraction and Methods 
of its Determination 

The ability of the nuclear fraction to activate 
amino acids was first investigated by the colorimetric 
method with FeCl,;, whereupon the incubation was con- 
ducted under the same conditions as in the case with 
pH S-enzymes. In two experiments it was shown that 
SA of nuclei comprised on the average 0.10 4M of hy- 
droxamic acids per 1 mg of protein, i.e., it was con- 
siderably lower than in the case of pH 5-enzyme pre- 
parations. Such experiments necessitated a large amount 
of nuclei, which has necessitated a development of 
another, more quantitatively sensitive method based: 
on the utilization of 1-C™ - tyrosine; this method per- 
mitted the conducting of experiments with a small 
quantity of nuclear suspension. The method was based 
on the determination of radioactivity of 1-C*-tyrosyl- 
hydroxamate, which was formed during nuclear incuba- 
tion from 1-C™ -tyrosine and hydroxylamine. Hydrox- 
amate was separated from free tyrosine by paper chro- 
matography. The composition of the incubation mix- 
ture was as follows: nuclear suspension (1.0-3.5 mg of 
protein) or pH S-enzymes (0.1 mg of protein); oe 
tyrosine DL-form 0.15 uM (SA 43-74 pC/g); ATP, 
neutralized with 1 N KOH to pH 7.0-7.2, MgSO, and 
salt-free hydroxylamine 3.3 and 300 yM respectively. 
Final volume of the sample was 0.20-0.22 ml. The 
samples were incubated and shaken at 37° for one hour. 
After incubation the samples were heated for 1.5 min 
in a boiling water bath, then they were cooled and the 
precipitated proteins were removed by centrifugation. 
Hydroxamate contained in the supernatant was separated 
from free tyrosine by ascending chromatography with a 
mixture of n-butanol- 847) formic acid-water (75:18:7). 
The distribution of radioactivity on the paper chromato- 
gram was determined with the block counter MST-17 
with an opening 5 mm in width. 


On the chromatograms obtained from complete 
samples there were observed two radioactive spots which 
were ascertained to be free tyrosine and tyrosylhydrox- 
amate (Fig. 4). Due to the fact that 1-C™ -tyrosine 
(labeled in the carboxy] group) was utilized in the ex- 
periments, treatment of the chromatograms with 0.2% 
ninhydrin in alcohol resulted in an almost complete 
removal of radioactivity due to the free tyrosine, where- 
as the radioactivity due to hydroxamate, in which the 
carboxyl group is not free, was not decreased. This 
Condition proves that one of the peaks was due to hy- 
droxamate. Treatment with ninhydrin allows us todistin- 
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Tyrosylhydroxa- AinimPM 


mate in mi M/ 
‘sample it 


15.00 RA 
3.40 
8.25 
11.63 
8 63 


Protein 


1 sam- 
e, mg 


8.30 
2.37 
2.32 
4.43 
4.90 


guish the free carboxyl labeled amino acid spot from 
hydroxamate without utilization of check substances. 
In the control samples (samples without ATP and hy- 
droxylamine, but with the boiled enzyme) hydroxamate 
was not observed. Activity of the preparations was 
expressed in mpM of 1-C™ -tyrosylhydroxamate formed. 
With the pH 5-enzyme preparation it was shown 
that the chromatographic method yielded results com- 
parable to the colorimetric method of hydroxamate 
determination. Howevez, the latter is less sensitive and 
specific and requires a comparatively larger quantity of 
enzyme. By the chromatographic method it was shown 
that tyrosine activation by pH 5-enzymes was not 
slowed down by addition to the mixture of other amino 
acids. This is in agreement with data of investigators 
[6,23] who have shown that, evidently, each amino 
acid is activated by a specific enzyme. 


Experimental 
us 
rk 
\ 
4 
! 
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400 seo 
Control 


600 CD 
Distance from the point of introduction 
on the chromatogram, in mm 


Fig. 4. Chromatographic separation 
of tyrosylhydroxamate and tyrosine, 
1) tyrosylhydroxamate, 2) tyrosine, 
3) Solid line- after ninhydrin teat- 
ment; broken-prior to ninhydrin 
treatment, 
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The ability of the nuclei to activate amino acids 
was first made apparent with the help of the colorime- 
tric method for amino hydroxamic acid determination. 
During utilization of the chromatographic method and 
1-c™ -tyrosine,it was clarified that the formation of 
tyrosyihydroxamate in the nuclei, as well as during incu- 
bation with cytoplasmic pH 5-enzymes, was dependent 
on the presence of ATP and hydroxylamine and was 
completely suppressed bya preliminary warming of the 
nuclear suspension in boiling water for 1 min. In the 
absence of exogcnous magnesium the activation was 
supressed by more than ten-fold. Utilization of the 
sodium salt of ATP instead of the potassium salt was 
without effect on the activity of the nuclear preparation, 

In Table 1 are shown results of the experiments 
with nuclei, In all cases there was observed activation 
of tyrosine, even though the activity varied considerab- 
ly from experiment to experiment. It could be assumed 
that the enzymes activating amino acids are not 
connected with the nuclei themselves,but with the whole 
cells and cytoplasmic remnants which were not com- 
pletely separated from the nuclei. First of all, it could 
be assuined that the activity of the nuclear fraction 
was due to the presence of whole cells. 

However, microscopic examination has shown that 
there was not any relation between the activity of the 
nuclei and the degree of their contamination by whole 
cells and cytoplasmic fragments. Further, it is im- 
possible to explain the activity of the nuclear prepara- 
tions by admixture of mitochondria, for in specially 
conducted experiments on isolated mitochondria with 
1-C*-tyrosine it was shown that SA of unbroken gran- 
ules was not higher than SA of nuclei, and in a number 
of experiments mitochondria were completely inactive. 
Finclly, it could be assumed that the activity of the 
nuclear fraction was due not to structural components 
of the cytoplasm, but due to soluble pH 5-enzymes ad- 
sorbed onto the surfaces of the nuclei at the time of 
their isolation. Determination of the activity of various 
nuclear preparations has shown that their SA (5.40 my M/ 
/mg of protein) was approximately six-fold lower 
than the SA of cytoplasmic pH 5-enzymes, which on 
the average comprised 33,0 m uM/mg protein (Table 2). 

In order to explain nuclear activity at the expense 
of adsorption of enzymes from the soluble fraction of 
the homogenate, it would be necessary to assume that 
~ 1% of the total nuclear preparation protein consisted 





TABLE 2. Tyrosine Activation by 
pH 5-enzymes from Rat Liver 
Tyrosylhydroxamate Protein SA in 
per sample, mM  jpersam : 


a mH M/mg 
‘i a protein 


10.86 
15.40 
57.70 
40.00 
41,00 


of adsorbed pH S5-enzymes. Such a proposition appeared 
unlikely. Nevertheless, it was necessary to give a more 
definite solution to the question concerning the possibi- 
lity of adsorption of cytoplasmic pH 5-enzymes onto the 
nuclei and to the quantitative side of this process. De- 
termination of the quantity of adsorbed pH 5-enzymes 
should show whether amino acid activation in the nuclei 
could be fully explained by admixture of cytoplasmic 
pH 5-enzymes. 


Adsorption of Cytoplasmic pH 5-Enzymes onto Nuclei 


The degree of adsorption of pH 5-enzymes onto the 
nuclei was determined with the help of preparations of 
labeled pH S-enzymes. They were obtained from livers 
of rats which were injected with S* - methionine (2.5 
uC/g body weight) 14 hr prior to killing. Altogether 
there were isolated 10 mg of preparation with SA of 893 
cpm/ mg of protein. For the determination of the de- 
gree of adsorption of pH 5-enzymes by the nuclei, 

10 mg of this preparation were added to 18 g of scissor- 
fragmented perfused liver, which was subsequently 
homogenized and utilized as the source of nuclei. 
Radioactivity of the obtained nuclei comprised 4,2 
cpm/ mg of protein. The enzymatic activity of the 
added preparation of labeled pH 5-enzymes and of the 
obtained nuclear preparation was equal to 45.0 and 
14,.3myM_ of tyrosylhydroxamate per sample,respec- 
tively,with an approximately equal protein content per 
sample (with pH 5-enzymes - 1.12; with nuclei-1.19 
mg). 

Above there were presented data concerning the 
pli 5-enzyme content in lgofliver. Recalculation, with 
liver weight changes being taken into account, allows 
the conclusion that in 18 g of liver, from which the 
nuclei were isolated, there were contained 297 mg of 
pH 5-enzymes. By knowing this value, and the SA of 
preparations, one can calculate the SA of pH S-enzymes 
adsorbed onto the nuclei (170 cpm/ mg of protein), and 
then the quantity of adsorbed pH 5-enzymes per sample 
(0.030 mg). 

The enzymatic activity of the nuclear preparation 
comprised 14.24 myM of tyrosylhydroxamate per 
sample. Presupposing that the activity of unlabeled 
pH 5-enzymes of the liver, from which the nuclei were 


isolated, was not higher than 45.0 myM per sample 
(this activity is higher than average), one could deter- 
mine as to what quantity of pH 5-enzymes should be 
present in the nuclei in order to produce formation of 
14.24 myM of 1-C-tyrosylhydroxamate (Fig. 5). It 
appears that only in the presence of 0.32 mg of 

pli 5-enzymes in a sample could there be formed 14,00 

m pM of tyrosylhydroxamate., Consequently, adsorp- 
tion of pH 5-enzyines onto nuclei should be ten-fold 
higher than was observed with the isotope dilution me- 
thod. The obtained result together with the other facts 
mentioned, att<sted that in liver nuclei there is an en- 
dogenous enzymatic scheme for.amino acid activation. 
Nuclear activity cannot be explained by admixture of 
enzymes adsorbed from the cytoplasm. 


Disposing with the evidence concerning the fact 
that the ability to activate amino acids was inherent 
in the nuclei, it was of interest to clarify whether the 
tyrosine-activating enzyme was connected with a parti- 
cular nuclear structure, or whether it was localized in 
the soluble fraction (in the nucleoplasm). 

For this purpose there was conducted destruction of the 
nuclei with a concurrent extraction of the tyrosine- 
activating enzyme. 

Nuclei were disrupted by homogenization in a 
glass homogenizer for 20-30 min with aluminum oxide 
and water or with &15 M NaCl, pH 7.0,and also with 
0.15 M NaCl, pH 7.0 without aluminum oxide (Table 3). 
The obtained extracts were separated by homogeniza- 
tion in cold for 20 min at 8000 rpm. Activities of the 
extract, of whole nuclei, and of the insoluble material 
were determined by the previously described method 
with 1-C -tyrosine. The composition of the incuba- 
tion medium differed only in that the concentration of 
magnesium sulfate was doubled, since it was shown that 
for the nuclei under these conditions tyrosylhydoxamate 
formation was increased 2-3 fold (Fig. 6), whereas the 
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Fig. 5. Activation of 1-C4- 
tyrosine by a preparation of 
cytoplasmic “ pH 5-enzymes”. 





TABLE 3, Activation of 1-C*-tyrosine by Extracts from 
Isolated Nuclei and by Whole Rat Liver Nuclei 


Extraction method 


Aluminum oxide ¢ H,O 

Aluminum oxide + HzO 

0.15 M NaCl, pH 7.0 

Aluminum oxide + 0.15 M NaCl, 
pH 7.0 (double extraction) 


activity of cytoplasmic pH 5-cnzymes was increased 
only 1.2-1.4 fold (Fig. 7). 

From Table 3 it is evident that SA of the extract 
was consideravly higher than SA of the initial nuclei. 
With the described extraction methods there was a 
transfer into the solution of 11-14% of the nuciear pro- 
tein and 25-267) of total nuclear activity. The ob- 
tained results permit the corclusion that at least a part 
of the nuclear tyrosine-activating enzyme was local- 
ized in the nucleoplasm, for it was possible to extract 
a fraction, the SA of which was higher than SA of the 
original nuclei. It is quite significant that the SA of 
the soluble fraction isolated from the nuclei (compris- 
ing 55-108, on the average of 75 m pM of tyrosylhy- 
droxamate per 1 mg of protein) was higher than the 
SA of pH 5-enzymes precipitated from the soluble cyto- 
plasmic fraction (11-58, average 33 mp M/mg), 
even if one took into account the fact that in the ex- 
periments on extracts, magnesium concenwation was 
twice as high as in experiments on pH 5-enzymes. 


DISCUSSION 
The cited results have revealed the ability of rat 
liver nuclei to activate free amino acids Proofs were 
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Fig. 6. The influence of magnesium 
concentration of tyrosine activation in 
various nuclear preparations (1 and 2) 
with a constant concentration of ATP, 
equal to 3 yM/sample. 
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obtained that the activating ability of nuclear prepara- 
tions was not produced by admixture of cytoplasmic 
elements, among them the pH S-enzymes. There was 
not observed a dependency between nuclear activity 
and the degree of contamination of the preparation by 
whole cells and cytoplasmic fragments. 

Under the utilized conditions of incubation, mito- 
chondria did not forin tyrosylhydroxamate, or their SA 
was not higher than that of nuclei, For this reason one 
cannot explain nuclear activity on basis of admixture 
of mitochondria. 

Determination of the adsorption of labeled cyto- 
plasmic pH 5-enzymes has shown that the quantity of 
the latter, observed in nuclear preparations, can ex- 
plain only 107 of the enzymatic activity of nuclei. 

Data dealing with admixture of whole cells and 
granules to the nuclei refute the proposition that the 
activity of nuclear preparations is explained by the 
presence of formed cytoplasmic elements. At the 
same time, the last proof, obtained with the help of 
labeled pH 5-enzymes, is not faultless. Calculations 
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Fig. 7. The influence of mag- 
nesium concentration of tyro- 
sine activation by various pre- 
parations of cytoplasmic pH 
5S-enzymes with a constant 
concentration of ATP, equal 
to 3 yM/sample. 





were based on the supposition that different proteins, 
contained in a preparation of pH 5-enzymes, are ad- 
sorbed onto nuclei in equal quantities. It is difficult 
to say whether this is correct, It could be admit- 
ted that the enzyme activating tyrosine is selectively 
adsorbed onte nuclei. It is true, as has been shown 
above, that amino acid activation was observed by the 
colorimetric method during incubation of nuclei with 
a mixture of amino acids, but without tyrosine. Thus, 
it is necessary to put forth another supposition in 
accordance with which all amino acid activating enzymes 
are sclectively adsorbed onto nuclei, and in the solu- 
tion remain the other, the ballast proteins, found in 
the preparation of pH 5-enzymes. 

In this way, objections to the proofs Sroug'it out 
above, are based on a number of supplementary supposi- 
tions which appear to be quite unlikely. Starting from 
this, one could conclude that nuclei from rat liver cells 
possess an enzyme system capable of amino acid activa- 
tion without direct participation of the cytoplasm. 

Since in the literature there are numerous data concern- 
ing the fact that amino acid activation is the first step 
in proteosynthesis, one can suppose that the process of 
protein formation in nuclei takes place without cyto- 
plasmic participation entirely, beginning with the acti- 
vation of free amino acids. The present data together 
with the results of Hopkins [10] show that nuclei of 
various animal tissues possess the ability to activate 
amino acids. 

The presented data permit the conclusion that ami- 
no acid activation in liver nuclei, as well as in the cyto- 
plasm, takes place with participation of ATP and Mg**, 
whereupon the amino acids react via their carboxyl 
group. Taking into account the results obtained by Hop- 
kins, one should make the conclusion tl.at amino acids 
in nuclei react with ATP by forming aminoacyladenyl- 
ates, i. e., the mechanism of nuclear amino acid activa- 
tion is identical to the one in the cytoplasm. 

Khesin [24] on the basis of literature and personal 
data came to the conclusion that all basic cellular com- 
ponents were capable of protein synthesis. Recent inves- 
tigations have exposed the presence of amino acid acti- 
vating enzymes in large cytoplasmic granules of animal 
cells (25), likewise in an insignificant amount, in the 
microsomes [26]. Submicroscopic plant granules also 
activate amino acids [27]. The present data and the 
results of Hopkins attest to amino acid activation in ani- 
mal nuclei. Consequently, all basic cellular components 
accomplish the process of protein synthesis, beginning 
with the first preparatory stage which ends in the activa- 
tion of free amino acids and, possibly, of the simplest 
peptides. An exception can be formed only by micro- 
somes, which utilize amino acids activated in the soluble 
fraction of the cell. However, in this case it is still un- 
explained whether the activating enzymes of whole cells 
are found in the microdispersed phase of the cytoplasm 
(in the hyaloplasm), or inside the formed elements of 


the ergastoplasm, which become destroyed during tissue 
homogenization and give origin to the microsomal frac- 
tion. 


SUMMARY 

There is described a modification of Hoagland*s me- 
thod allowing isolation of pH 5-enzymes from rat liver 
without rapid centrifugation. The isolated preparation of 
pH 5-enzymes did not differ in composition or activity 
from Hoagland’s enzymes. 

There was developed a sensitive specific method 
for determination of the tyrosine activating enzyme. 
The method was based on the determination of the 
quantity of radioactive tyrosylhydroxamate, which was 
separated from tyrosine by paper chromatography. 

It was shown that nuclei isolated from rat liver 
were capable of activating amino acids. The process 
of nuclear amino acid activation, as well as the cyto- 
plasmic one, was accomplished only in the presence of 
ATP and Mg**. The carboxyl group of the amino acid 
participated in the reaction; this was ascertained by the 
identification of tyrosylhydroxamate. Proofs are 
brought forth in favor of the fact that the ability to 
activate amino acids is inherent in the nuclei them- 
selves and is not dependent on cytoplasmic contamina- 
tions around which would be the adsorption of cyto- 
plasmic pH 5-enzymes onto the nuclei. 

It was observed that during extraction of nuclei 
there could be obtained a fraction activity which 
was higher than the specific activity of the original 
nuclei and cytoplasmic pH 5-enzymes. 

The obtained results speak of the fact thatthe 
first stage in protein synthesis ~ amino acid activation 
— can take place in nuclei, without direct participa- 
tion of the cytoplasmic enzyme system. 

The author wishes to express gratitude to Doctor 
of Biological Sciences, R. B. Khesin, for the suggested 
theme and for leadership during its execution. 
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In recent years the attention of investigators in a 
number of laboratories has been directed to the prob- 
lem of nucleoprotein structures in which the bonds 
between the nucleotides and the peptides differ from 
anhydrides and O-ethez compounds by their much 
greater stability with respect to hydrolyzing agents. 

The first evidence of a strong complex between 
proteins and NA was shown in 1936 by Bclozerskii (1). 
At the present time much materia! has accumulated on 
this question. It has been established that strong nucleo- 
tide-peptide compounds are contained in RNAisolated 
from calf pancreas [2,3], rabbit liver [3], yeast (3,4), 
and other objects [5,6]. Such compounds occur also 
in some forms of DNA [7,8]. It has been shown that 
strong bonds between nucleotides and proteins or pep- 
tides are not destroyed, either in the process of isolat- 
ing RNA, by the action of ribonuclease, or even by 
rather prolonged action of 1 N NaOH at 37°, It was 
demonstrated that under conditions in which RNA is 
hydrolyzed to mononucleotides, the nucleotide-pep- 
tide structure is maintained [3], and only the action 
of boiling in 1N of stronger HC] causes their destruction. 

A number of investigators have observed with 
different objects that participants in the formation of 
the strong structures are nucleotides of guanosine 
(3,9], adenosine [3,10-12), cytidine [23], and uridine 
(11]. It has been stated [14,15] that nucleoside diphos- 
phates (uridine-5*-diphosphate, adenosine diphosphate) 
can also take part in the formation of nucleotide- 
protein compounds. 


In spite of some successes in this field, much re- 
mains unexplained. There is no sure method for nu- 
cleotide-peptides; the exact, quantitative ratio of 


peptides and nucleotides has beer established for none 
of them. There are only assumptions as to the question 


of the type of bond between nucleotide and peptide. The 
question is also unsolved as to the origin of these surpris- 
ingly strong nucleotide-proteins and it is not clear whether 


they are artifacts or some sort of intermediate product 
which arises during life activity. 


The purpose of the present work 18 to establish the 
chemical structure of the nucleotide-peptides. In this 
study we give the results of investigations on the 
separation and isolation of individual compounds of 
a nucleotide-protein character, 

EXPERIMENTAL 

As the object of the investigation we used RNA 
isolated from beef pancreas by the method of Kirby 
(16] (the RNA preparation had a negative biuret reaction), 
ing hydrolysis of RNA. We incubated 0.1 g of RNA 
with 10 ml of 1 N NaOH in a thermostat at 37°, 

After 0.5, 1, 2, 3, 5, 10, 20, and 24 hours we 

took 1 ml samples from the hydroiyzate. The al- 
kaline solution was neutralized with 1 N HCl and treat- 
ed with 0.5 ml of 1% aqueous ninhydrin; the mixture 
was kept for 20 min at 100°. Then the volume of the 
colored solution was brought to 15 ml and the optical 
density of the color was measured in an SR-4 spectro- 
photometer at 560 my. 

In an analogous way we carried out mezsurement 
of the intensity of the ninhydrin reaction in the hydro- 
lysis of RNA by 1 N HCl at 37 and 100°, 

The curves for the intensity of the ninhydrin 
reaction are given in Fig. 1. They indicate the regu- 
lar increase with hydrolysis. 
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Fig. 1. Curve of increasing inten- 
sity of the ninhydrin reaction in the 
hydrolysis of RNA. Conditions of 
hydrolysis: 1) 1 N NaOH at 37°; 2) 
1 N HCl at 37°; 3)1 N HCl at 100°, 





Amino acid composition 


0.05 Lys., arg..gly., asp., ala., 
Two unidentified acids 

0.12 

0.22 


0.34 


Lys., arg., gly., ala., val., leu 
Arg., asp., gly., ala. 
Asp., gly. glu., val. 


Hydrolysis of RNA by 1 N NaOH at 37° and paper 
chromatography of the hydrolyzate. We dissolved 0. 

g of RNA in 10 ml of 1 N NaOH and kept the solution 
in the thermostat at 37° for 24 hours. Then the hydro- 
lyzate was neutralized with 6 N HCl and evaporated 
dry in a vacuum. The residue was dissolved in a 
minimum volume of distilled water and submitted to 
chromatography. This was carried out in the system 
butanol-acetic acid-water (4:1:5) on Leningrad slow 
filuration chromatographic paper. After we had sprayed 
the chromatogram with 0.1% ninhydrin in methanol 
solution we found on it one large spot near the point 
of deposition. 

Hydrolysis of RNA by 1 N HCl at 37° and paper 
chromatography of the hydrolyzate. We dissolved 0.1 
g of RNA in 5 ml of 1 N HCl and put the solution in a 
thermostat at 37° for 24 hours. Then the hydrolyzate 
was evaporated dry in a vacuum and the HC] was re- 
moved from the hydrolyzate by repeatedly evaporat- 
ing it with distilled water. Chromatography of the 
hydrolyzate and treatment of the chromatogram were 
carried out in the same way as in the case of the alka- 
line hydrolysis at 37°. We found one spot developed 
by ninhydrin on the chromatogram, corresponding to 
the spot developed on the chromatogram of the alka- 
line hydrolyzate. 

Hydrolysis of RNA by 1 N HCl at 100° and paper 
chromatography ¢ graphy of the hyd rolyzate. The hydrolysis, | yzate. The hydrolysis, 
treatment of the hydrolyzate, and its chromatography 
were carried out in the same way as in the case of 
the hydrolysis of RNA by 1 N HCl at 37°. After develop- 
ment of the chromatogram we found on it eight spots. 
Separation of these spots was attained by passing the 
solvent three times through the strip of paper. Further 
investigation of the substances corresponding to these 
spots was carried out by eluting them from the paper 
with 0.1 N HCl, evaporating the eluate and hydrolyz- 
ing it with 6 N HCI at 100° for 24 hours. The hydroly- 
zates were treated and chromatographed in the same way 
as the initial hydrolyzate, After development of the chro- 
matograms we found on them from 4 to 7 amino acids. 
The results of the chromatography are given in the 
Table. 
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Ry of peptide 


Amino acid composition 


Lys., asp., gly., glu., ala, 


Lys., asp., gly., glu., ala., val. 
Arg., asp., gly., glu., ala., val., leu. 
Asp., gly.. glu., ala., leu. 


Hydrolysis of RNA by 6 N HCl at 100° and paper 
chromatography of the hydrolyzate. The hydrolysis, 
treatment of the hydrolyzate, and its chromatogra phy 
were carried out in the same way as in the case of 
hydrolysis of RNA by 1 N HCl at 37°, After 4-5 passages 
of solvent through the strip of paper and development of 
chromatogram with ninhydrin we found on it ten amino 
acids, eight of which were identified as lysine, arginine, 
aspartic acid, glycine, glutamic acid, alanine, valine, 
and leucine (isoleucine). Two amino acids remained 
unidentified. 

Separation of the Products of Alkaline Hydrolysis 
of RNA 

We dissolved 0.1 g of RNA in 5 ml of 1 N NaOH. 
The solution was placed in a thermostat at 37° for 24 
hours. At the end of the alkaline hydrolysis the small 
precipitate was separated from the hydrolyzate by fil- 
tration or centrifuging, the pH of the hydrolyzate was 
brought to 9.4-9.5 with 1 N formic acid, and the 
volurne to 50 ml with distilled water. 

The clear solution was passed through a column 
with dimensions 0.7 x 8 cm, filled with Dowex-1 x 10 
in the formate form at a rate of 1 ml/min. Then the 
resin was washed free of ultraviolet absorbing substances 
with distilled water. For elution of the mononucleo- 
tides we passed through the column a 0.15 M solution 
of formic acid (pH 2.45); the rate of elution was 1 mi/ 
/min(in work with an amount of RNA of about 1 g the 
rate of elution could be increased to 10 ml/min if the 
diameter of the column was increased to 3-3.2 cm). 
We collected 50 ml fractions and in each fraction mea- 
sured the value of the opticai density in ultraviolet 
light at 260 mp. Corresponding to the results of Cohn 
(17], elution of the mononucleotides took place in the 
following order; cytidylic, adenylic, uridylic, and guany- 
lic acids, 

After complete desorption of the mononucleotides 
there remained on the resin products of RNA hydrolysis 
which were eluted by solutions of formic acid with 
successively increasing pH values. The elution curve 
of these substances and also the pH of the eluting solu- 
tions are given in Fig. 2. 

The fractions corresponding to peaks from Il to V 








were evaporated separately in a vacuum at 25-30° to 
minimum volume. The fractions corresponding to peaks 
VI and VII were combined and evaporated together, the 
substance was precipitated by absolute acetone, the pre- 
cipitate was separated by centrifuging,and air dried. 

The total weight of substances eluted from the ani- 
onite after desorption of the mononucleotides was 5-67 
of the weight of the starting RNA. 

Paper electrophoresis of fractions II-V from alka- 


line hydrolysis of RNA. Fractions Il, lil, IV, and V ware 
submitted to paper electrophoresis in 0.05 M ammonia- 
formate buffer at pH 3.5 (we used Leningrad slow filua- 
tion chromatographic paper in the study ). The paper 
was first washed with 2 N HCl and distilled water to a 
neutral reaction, Electrophoresis was carried out at a 
potential yradient 30 v/cm, initial current strength 

10 ma, final, 13 ma; width of strip of paper 8 cm; dura- 
tion of electrophoresis 2 hours. During the elecirophore- 
sis the strip of paper was cooled with CCl in an appara- 
tus described by Markhain and Smith (18). As a control 
we deposited on each strip of paper guanylic acid. 

At the end of electrophoresis, the electrophoreto- 
gram was dried for 15 min at 90°. Localization of the 
substances on the electrophoretogram was carried out 
by viewing them in ultraviolet light in the ultrachemi- 
scope of Brumberg, 

Fractions Il, 111, and V gave one spot on the elec- 
trophoretogram; fraction IV separated into two spots. 
Determination of the electrophoretic mobility of the 
substances corresponding to these spots gave the follow- 

















| ing results: 

Fraction No. of spots on elec- Relative 
trophoretogram mobility 

ll 1 1.00 

ul 1 1.43 
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IV 2 2.36 

v 1 2.84 
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Fig. 2. Separation of nucleotide-peptides by 
anion exchange. Annionite, Dowex-1 x 10 in 
formate form; eluting solvent formic acid, - 






























Determination of nucleotide and amino acid com- 
position of fraction Il of the alkaline hydrolyzate of 
RNA. Three mg of substance obtained after evapora- 
tion of fraction III was hydrolyzed with 0.1 ml of 70% 
HC10, for an hour at 100° in a sealed ampule. Then 
the hydrolyzate was diluted with water to 1 ml and chro- 
matographed in the system isopropyl alcohol-water- 
hydrochloric acid (17:3.9:4.1). We found on the chroma- 
togram two ultraviolet absorbing spots with Rf 0.20 and 
0.33, corresponding to adenine and guanine. 

Five mg of the substance obtained after evaporation 
of fraction III was hydrolyzed with 0.5 ml of 6 N HCl 
for 24 hours at 100° in a sealed ampule. HCl was re- 
moved from the hydrolyzate by repeatedly evaporating 





- it with distilled water. The hydrolyzate was chroma- 


tographed in the system butanol-water-acetic acid 
(4:5:1). After development of the chromatogram with 
ninhydrin we found on it seven spots corresponding to 
leucine, valine, alanine, glutamic acid, glycine, and 
lysine. One spot remained unidentified. 


DISCUSSION 

From analysis of the curve of increasing intensity 
of the ninhydrin reaction in the hydrolysis of nucleic 
acid under different conditions (Fig. 1) we can draw a 
number of conclusions. RNA, so carefully purified from 
protein that the biuret reaction is negative, contains 
peptides, part of which are split in the reaction with 1 
N NaOH or 1 N HCI at 27° in 3-4 hours. This was some 
sort of comparatively labile compound of peptide and 
nucleic acid, from which with increasing hydrolysis of 
RNA to nucleotides, there was gradual splitting off of 
peptides. In the hydrolysis by 1 N HCl at 100° the in- 
tensity of the ninhydrin reaction after rising sharply for 
four hoursreached a value twice again as high as the 
value reached in mild hydrolysis. It follows from these 
results that the RNA preparation contains a strong nucleo- 
tide-protein compound which is not hydrolyzed under 
conditions in which the RNA molecule is split to nucleo- 
tides. However, four-hour boiling with 1 N HC1 is suffi- 
cient to split the peptides from the nucleotides. 

A further problem was to determine the character 
of the peptides bound to the RNA. Hydrolysis of the 
RNA with 1 N NaOH or 1 N HCI at 37° did not give the 
desired results, We found at the point of deposition on 
the chromatograms a spot of protein origin which gave 
an intense color with ninhydrin. When the hydrolysis 
was carried out with 1 N HCI at 100° for 24 hours, we 
found eight spots oa the paper chromatogram which 
corresponded to eight peptides. It was difficult to be- 
lieve that under the conditions of hydrolysis by 1 N HCl 
these eight peptides were formed by splitting of a poly- 
peptide molecule. It was more probable io think that 
these peptides (or most of them) were formed as a re- 


_ Sult of hydrolysis at the nucleotide-peptide bond, which 


agrees with the results of the ninhydrin reaction. Thus. 
we can assume that RNA contains protein residues of 
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different characters. As would be expected, the total 
amino acid composition of these peptides agreed with 
the total of amino acids observed in chromatography 
of the hydrolyzate of RNA itself (6 N HCl, 100°, 24 
hours). 

We attempted to isolate the nucleotide ~peptide 
complexes in the most individual form possible. The 
alkaline hydrolyzate of RNA was submitted to ion ex- 
change chromatogsaphy on the anionite Dowex-1, In 
all we isolated seven fractions, in whose number were 
a serics of individual preparations. 

Investigation of the preparations by the method of 
electrophoresis showed that the substances obtained 
from fractions I], II, and V were electrophoretically 
homogeneous and the substance from fraction IV con- 
tained two compounds which differed in electrophore- 
tic mobility. It should be noted that the preparations 
have greater mobility than guanylic acid. As chroma- 
tographic investigation showed, these preparations are 
nucleotide-peptides. In the nucleotide part we found 
adenylic and guanylic nucleotides and in the protein 
portion, peptides which contained as a minimum eight 
amino acids, seven of which were identified. 


SUMMARY 

We have shown that in RNA isolated from the pan- 
creas, which does not give the biuret reaction, there 
are peptides of two kinds. One of these is decomposed 
by mild hydrolysis, the other is present in the form of a 
nucleotide-peptide material even after hydrolysis of 
RNA to mononucleotides, 

We have determined the peptide and total amino 
acid composition of the protein part of the molecules. 


We have proposed a method for separating and isola- 
ting the nucleotide-peptide compounds from the alka- 
line hydrolyzate of RNA by use of ion exchange chroma- 
tography and high voltage electrophoresis. 
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The reaction of ribonucleic acid with formaldehyde 
has attracted the steady attention of investigators in re- 
cent years [1]. One of the reasons for this is the fact 
that formaldehyde completely deprives RNA of infec- 
tious virus properties, but at the same time affects the 
chemical structure of RNA only slightly. In this connec- 
tion it is necessary to go much more deeply than has 
been done up to now into the study of the nature of the 
limited structural changes on which such an important 
biological effect depends. The reaction is also of great 
practical interest, since it fornis the basis for getting 
formalin treated virus vaccines. 

At the present time there is an accumulation of a 
number of results of an indirect character [2,3] which 
justify the assumption of the formation in the reaction 
of RNA with formaldehyde of an aminomethylol deriva- 
tive and methylene bridge R!-CH,-R’, These results do 
not agree with the opinions of Fraenkel-Conrat (4), who 
first discovered this reaction, concerning the probability 
of formation of Schiff base type compounds, R-N = CH. 
The reason for such an assumption was the change in 
the curve of absorption of ultraviolet light after treat- 
ing RNA with formaldehyde. The variation in the data 
of spectrophotometic analysis from other results im- 
pelled us to make a more detailed study of these 
changes. In this connection it seemed most important 
to us to determine their reversibility. 

Fraenkel-Conrat [4] showed that with dialysis and 
in the presence of dimedon, a compound which strong- 
ly binds formaldehyde, the latter is not split from RNA. 
Staehelin [2] showed that besides the labile bound form- 
aldehyde the was formaldehyde which was relatively 
firmly bound to Rr... which did not separate in dialysis 
and which alone could expisin the persistent effect of 
inactivating a virus [5], which has -lready been con- 
firmed in practice by preparations, cuntrols and use of 
virus vaccines. It is of interest to determine which of 
the two forms of binding of formaldehyde with RNA 
determines the spectrophotometric shifts. 


METHODS 
Preparaticn. Experiments on the reaction of zibo- 


nucleic acid with formaldehyde [4,2] have shown that 


in principle this reaction is the same for RNA obtained 
by various methods and from different sources. The 
quantitative character of the spectral shift for various 
types of RNA practically agree [4]. We have used a 
commercial preparation (produced in Hungary) which 
was purified by the accepted method [6]. A prepara- 
tion of low molecular weight RNA had the advantage 
that its spectrophotometric index in solution was more 
stable over a long period of investigation. The phos- 
phorus content of the purified preparation was 8.9%. 


Methods. Spectrophotometric measurements in the 
ultraviolet were made on an SF-4 spectrophotometer. 
Free formaldehyde was determined by a method which 
we worked out previously [7,3]; nitrogen was deter- 
mined according to Conway, and phosphorus by the me- 
thod of Fiske-Subbarow. 


Course of the experiments. A solution was pre- 
pared in a phosphate buffer, 0.01 M, pH 8.0,with such 


a content of RNA that its concentration (by phosphorus) 
was 32 mg in 10 ml (in the volume of the sample). The 
pH of the solution was 6.6. We studied solutionsof RNA 
without formaldehyde and with 0.03% and 1% formalde- 
hyde content. All these solutions were submitted to 
sterilizing filtration through a G5 glass filter. In anoth- 
er series of experimenis the solutions were not filtered, 
but merthiolate was added as a preservative. At first 
we were convinced that, as in the experiments of 
Fraenkel-Conrat [4], the change in absorption curve 
reached a maximum after 48 hours. Nevertheless, we 
extended the period of incubation to seven days since 
the possibility was not excluded that, by analogy with 
the protein-formaldehyde reaction, the formation of 

a firm bond from the already formed labile compound 
might require a longer time. After keeping the reac- 
tion for seven days at 23-24°, we took samples from the 
solutions which contained formaldehyde and dialyzed 
them against 0.01 M phosphate buffer, pH 6.6. The 
dialysis was carried out for four days with three changes 
in buffer and stirring of the liquid with an electric stir- 
rer. The solutions sterilized by filtration were dialyzed 
at 6°; the solutions with the preservative, at room tem- 
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perature. The absence of formaldehyde after dialysis 
was established by qualitative reaction with phenyl- 
hydrazine. We kept undialyzed samples of the original 
solution (controls) in parallel under identical conditions. 
Before spectrophotometry the solutions were diluted (0.01 
M buffer, pH €.6) to a concentration of 2.56 mg RNA in 
100 ml; the content of RNA in the samples prepared 
from dialyzed solutions was determined by analysis for 
nitrogen. 

RESULTS AND DISCUSSION 

In our experiments we studied the action of “equi- 
valent" and * excess * concentrations of formaldehyde. 
In samples that contain 0.03%(0.01 M) of formaldehyde 
one molecule of formaldehyde was found per nucleo- 
tide of the nucleic acid, and in 17 formaldehyde solu- 
tion, the formaldehyde was present in considerable ex- 
cess. However, as the determination of free formalde- 
hyde showed, actually in both cases reaction occurred 
with excess of the latter: the concenwation of free 
formaldehyde with seven days of incubation (in the 
experiments with preservative) was 95 and 997} of the 
original, respectively. 

The results of the spectrophotometric measurement 
for solutions sterilized by filuation and for solutions 
with preservative were identical. We have given the 
data for filtered solutions, In the figures we give the 
ultraviolet absorption curves in the region of the maxi- 
mum, that is, in the portion with the most characteris- 
tic changes. The ultraviolet absorption spectrum of 
RNA treated with 0.03% formaldehyde does not differ 
from that of the original RNA. The change in the ab- 
sorption curve in experiments with 1% formaldehyde 
(Fig. A) corresponds to known data [4]; the maximum 
shift to the long wave side is 3 my with an increase in 
absorption intensity of 14%. However, after dialysis 
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(Fig. B) only a smal! part of the original shift is re~ 
tained; the shift in maximum is 1-2 my , the increase. 
1.7%. We see from a comparison of figures A and C 
that during the experiment there is no additional change 
which is not related to the formation of formaldehyde 
compounds, 


Thus, spectrophotometric study combined with dia- 
lysis permits differentiation of two types of change of 
RNA in treatment with formaldehyde: an easily reversi- 
ble one, perhaps quantitatively which is the main one, 
and another which is irreversible on dialysis. The 
changes which we have found cannot be explained by 
the formation of any one compound including R-N=CH), 
since even if we neglect the “residual* changes in the 
absorption curve after dialysis, we should seek two types 
of bond: one which would correspond to the reversible 
spectral change, and the other to the stable effect of 
inactivation, The idea of the formation of an amino- 
methylol derivative, part of which is converted in a se- 
condary reaction into a stable compound of the type of 
a methylene bis-amino agrees with our results on the 
two types of bond formed. We canthen assume that the 
reversible change in RNA ultraviolet spectrum corres- 
ponds to the methylol derivative, for which reversibility 
is a typical characteristic. 


The qualitative identity of the observed shift for the 
stable and unstable to dialysis fractions and only a quan- 
titative difference is just what can be expected for the 
compounds R-NH-CH,OH and R'-NH-CH,-HN-R®, We 
can assume that the third possible type of condensation 
of formaldehyde with amines (we start from the assump- 
tion that formaldehyde reacts with the amino groups of 
the purines and pyrimidines [1-4]), the formation of a 
Schiff base R-N=CH, with the appearance of a new 
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Absorption curve of RNA and the compound of RNA with formaldehyde 
before and after dialysis. A) after keeping the solution 7 days at 23-24"; 
B) the same, with later 4 day dialysis at 6°; C) the same as in A with 
later keeping (without dialysis) for 4 days at 6°. I) RNA; Il) RNA + 0.03% 
formaldehyde; Ill) RNA + 1% formaldehyde. In Figs, Aand C we give data 
obtained directly in the experiment; the concentration of RNA in the 
samples for spectrophotometry was 2.56 mg/100 ml. In Fig. B the data 
were obtained by calculation for the same concentration, 





double bond, would give a very different ultraviolet 
absorption spectrum, 

This interpretation of the results of spectrophotome- 
try, based on comparison of the results before and after 
dialysis, also agrees with the general opinion, and in 
some cases with the slight spectral changes both in the 
experiments of Fracnkel-Conrat [4] and with our experi- 
ments. The variations in the position of the maximum 
of which we speak here are comparable to those spec- 
tral changes which in a number of cases accompany the 
appearance of new single bonds and which are usual, for 
example, in alkyl substitutions [8], Attributing these re- 
latively small variations to the formation of new multi- 
ple bonds is not a satisfactory explanation, The absence 
of change in the experiments with low concentrations of 
formaldehyde is evidently explained by the fact that the 
formation of the methylol derivative in an equilibrium 
reaction under these conditions is too slight to cause a 
preceptible shift in the spectrophotometric method. The 
results of the deterinination of free formaldehyde corres- 
pond to this treatment, 

Evidently, while the 0.037% formaldehyde in our ex- 
periments cannot cause an observable shift in the absorp- 
tion curve, with the full removal of formaldehyde by 
dialysis,in the experiments with 1% formaldehyde a _ por- 
tion of the spectral change, small but apparent and re- 
producible, is retained. Such a comparison once again 
emphasizes the significance of the °residual® change 
after dialysis in the experiments with 1% formaldehyde 
and its relatively irreversible character. 

Thus, our spectrophotometric data remove the con- 
tradiction in treatment of the mechanism of reaction of 


RNA with formaldehyde and agree well with the idea of 
formation in this reaction of a methylol derivative and 
a methylene bridge. 


SUMMARY 

We have established that the change in ultraviolet 
absorption of ribonucleic acid when it is treated with 
formaldehyde is to a considerable extent reversible on 
dialysis. A small part of the original change is retained 
after removal of the formaldehyde from the solution by 
dialysis. The most probable structural interpretation is 
the formation of the corresponding aminomethylol de- 
rivative and a methylene derivative of the type of 
R'-CH,-R®, 
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In a previous communication [1] on the oxidation 
of tyrosine by liver slices from normal rats, we present- 
ed data on the adaptive increase in this activity follow- 
ing introduction of animal tyrosine. It was of consider- 
able interest to find out whether there is a similar in- 
crease in animals with an experimentally induced pro- 
tein deficiency. 

Kazantseva and Kaplanskii [2] showed that tyrosine 
oxidation by liver slices of protein-deficient rats is 
sharply depressed. This is not because of a reduction in 
activity of the enzyme system oxidizing tyrosine, but 
because of a deficient synthesis of a-ketoglutaric acid, 


which participates in the first reaction of tyrosine oxida~ 


tion, transamination between tyrosine and a-ketogiu- 
taric acid. 

Their data revealed that a protein deficiency does 
not cause a perceptible disturbance in the enzyme sys- 
tem which catalyzes the oxidation of tyrosine. They 
did not, however, answer the question as to whether the 
capacity to adaptively synthesize this enzyme system 
with the introduction of tyrosine is retained by protein- 
deficient rats. It could be assumed that disturbance of 
this capacity, as well asthe capacity to form a-keto- 
glutaric acid in sufficient amounts in the tricarboxylic 
cycle, also plavs a definite role in the general abate- 
ment of tyrosine oxidation processes in animals and hu- 
mans with symptoms of protein deficiency [3]. 

The solution of this problem was also of value in 
relation to adrenalectomized animals, In the studies 
of Knox et al. [ 4, 5], it was shown that adrenalec- 
tomy in itself does not depress the rate of tyrosine oxi- 
dation in rat liver, but that adrenalectomized rats com- 
pletely lack the capacity to adaptively increase this 
process with administration of tyrosine. In this case it 
might be assumed that disruption of this capacity is par- 
tially related to deficient synthesis of a-kctoglutaric 
acid. It was the purpose of this study to clarify the rea- 
sons for loss of adaptive capacity by protein-deficient 
and adrenalectomized rats. 


730 


METHODS 

Experiments were performed on white male rats 
weighing 140-150 g which had been kept on a dict con- 
taining 3) protein (detailed description of the diet given 
previously [6]). The rats were used after they had lost 
25-30% of their weight and had developed other clear 
symptoms of protein deficiency. Rats in which both 
adrenal glands had been removed received 1% NaCl in- 
stead of water; they were used in experiments 2-10 days 
after adrenalectomy. In order to determine whether the 
animals were able to adaptively synthesize the enzyme, 
a single administration of 90 mg of L-tyrosine or 5 mg 
of cortisone acetate was made. Five how's after admin- 
istration the animals were killed and liver tissue slices 
were quickly prepared (with cooling). Tissue slices (200 
mg) were then incubated in Ringer bicarbonate buffer 
(pH 7.4) in an atmosphere of 95% O, and Sf CO, for 2 
hours at 37° with 104M of tyrosine. _In all experi- 
ments, results of incubation with tyrosine alone and with 
tyrosine in combination with a-ketoglutaric and ascor- 
bic acid were compared. Final volume of the reaction 
mixture was 4 ml. At the end of the incubation period 
proteins were precipitated with TCA and then filtered 
after 30 minutes. Tyrosine in the filwate was deter- 
mined according to Udenfreind and Cooper [7]. 

Controls were animals on a low-protein diet which 
were administered a physiological solution in place of 
tyrosine or cortisone. 


RESULTS AND DISCUSSION 


Data on the effect of administration of tyrosine to 
protein-deficient rats and on the rate of tyrosine oxidation 
by liver slices from such rats are presented in Table 1. 

As the data show, the tyrosine oxidation rate after 
administration of tyrosine failed to increase regardless 
of whether a-ketoglutaric and ascorbic acids were pre- 
sent or not. Only in one of eight experiments was an in- 
crease detected; in general the rate was the same with 
a-ketoglutaric and ascorbic acids as without them, 





TABLE 1. The effect of a Single Injection of Cortisone and Tyrosine on 
Rate of Tyrosine Oxidation in Liver Slices from Rats on a Low-Protein Diet 
Rats were killed 5 hours after intraperitoneal administration of 90 mg 
tyrosine of 5 mg cortisone. Tissue wt. — 200 mg; amt. of a-ketoglutaric 


acid added ~ 2 mg; ascorbic acid — 2 


expressed in Yo of amt. added. 


Without a-ketoglutaric and 
ascorbic acids 
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mg. Rate of tyrosine oxidation 


With a-ketoglutaric and ascorbic 
acids 


69.7 
63.4 
33.5 
67.9 
73.3 
58.6 


Note. I) control; I) administration of tyrosine; II) administration of cortisone, 


In the protein-deficient rats, therefore, there is no 
adaptive formation of enzymes mediating the oxidation 
of tyrosine as in normal rats. In recent years studies 
have appeared [8,9,16] in which it was shown that the 
adaptive synthesis of this enzyme system in animal liver 
is clicited not only by the substrate, tyrosine, but also 
by cortisone or hydrocortisone. In our experiments, ad- 
ministration of cortisone resulted in a noticeable increase 
of tyrosine oxidation by liver slices of protein-deficient 
rats only when a-kctoglutaric and ascorbic acids were al- 
so present in the incubation medium. Even in these 
cases, however, the capacity to oxidize tyrosine was not 
completely restored. When these compounds were not 
added, there was no increase in the rate of tyrosine oxi- 
dation. 

In a study by Protasova [10], it was shown that after 
several administrations of cortin or deoxycorticosterone 
to protein-deficient rats the rate of tyrosine oxidation is 
restored to normal. This suggested that in rats with an 
experimentally induced protein deficiency disturbance 
of tyrosine oxidation is related to a derangement of func- 
tion of the adrenal cortex with respect to secretion of 
corticosteroids. In our experiments we studied tyrosine 
oxidation after a single administration of cortisone. 
Possibly this is insufficient to restore the liver’s capa- 
city to adaptively increase its tyrosine-oxidizing activi- 
ty. In order to check this, special experiments were per- 
formed in which 5 mg of cortisone were administered in- 
tramuscularly to protein-deficient rats over a period of 
five days, with some of them receiving tyrosine on the 
sixth day. The remaining rats served as conuols. Re- 
sults are presented in Table 2. 

The data presented in Table 2 show that with re- 
peated administration of cdrtisone there is in fact a per- 
ceptible increase in rate of tyrosine oxidation in liver 
slices from protein-deficient rats. It may therefore be 
assumed that this increase, as well as that observed by 
Protasova in his experiments on repeated administra- 


TABLE 2. The Effect of Repeated Injections 
of Cortisone and Tyrosine on the Rate of 
Tyrosine Oxidation in Liver Slices from 
Protein-Deficient Rats 

Five mg of cortisone was administered to 
rats over a period of five days, and on the 
sixth day 90 mg of tyrosine was adminis- 
tered; five hours later activity was deter- 
mined. Tissue wt. ~ 200 mg; amt. of 
a-ketoglutaric acid added — 2 mg; ascor- 
bic acid — 2 mg. Rate of tyrosine oxida- 
tion expressed in % of amt. added. 


Administration of| Adininistration of cortisone 
cortisone plus tyrosine 
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Note. I) a -ketoglutaric and ascorbic acids ab- 
sent; II) these compounds present. 


tion of adrenocortical hormones, is related to the ef- 
fect of such substances on the ability of the liver to 
adaptively synthesize the enzyme system mediating 
uansamination between tyrosine and a-ketoglutaric 
acid. This assumption is in good agreement with re- 
sults obtained by Yudaev et al. [11], who showed that 
deoxycorticosterone and cortisone specifically stimu- 
late protein synthesis in sat liver. 

In conclusion it is necessary to indicate the role of 
ascorbic acid in the adaptive formation of the tyrosine- 
oxidizing enzyme system under the influence of corti- 
sone. 





TABLE 3. Rate of Tyrosine Oxidation in Liver Slices from Adrenalectomized Rats 
to Which Tyrosine and Cortisone Have Been Adiministered 


Tissue wt. ~ 200 mg, acorbic acid added ~ 2 mg. Oxidation 
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Conuoladrenalec- — JRats given JO mg 


tyrosine 


tomize ed rats 


th 
it 
ye 
ot. 
i. 
fe 
18.7 
19.5 
4.0 
ei. 
HG 


Rats given 5 mg 
cortisone 


— ewe we SS ee 


of tyrosine in % of 


Rats given cyrosine plus 
cortisone — 


17 & a 
40.6 
26.8 
15.6 
22.0 
20.6 


a2 
~ = 
a 


~ 


wo sete Bw 
5 ad 


& 


SIWN Kw Wile 
wen awe 


x omic 
| = 


Note, J) Without ascorbic acid; Il) with ascorbic acid 


In a number of recent studies [12-14] it was shown 
that ascorbic acid is required for the oxidation of n- 
hydroxyphenylpyruvic acid, which is formed by trans- 
amination between tyrosine and a-ketoglutaric acid. 
Inhibition of this reaction by lack of ascorbic acid may 
therefore reduce the over-all rate of tyrosine oxidation 
in liver. It was shown by Kazantscva and Kaplanskii 
[2], however, that addition of ascorbic acid alone 
resulted in only a slight increase of tyrosine oxidation; 
a greater increase was observed with the simultaneous 
addition of ascorbic and a-ketoglutaric acids. This was 
confirmed in our experiments. It was therefore of inter- 
est to find out how ascorbic acid affects tyrosine oxida- 
tion in liver slices from adrenalectoinized rats, Studies 
on this point showed that addition of ascorbic acid to 
liver slices from such rats, which had received corti- 
sone, stimulated the adaptive oxidation of tyrosine to a 
considerable extent. In the absence of ascorbic acid, 
32.3% of the total tyrosine present was oxidized (Table 
3), while in the presence of ascorbic acid (2 mg per 
sample) 48% was oxidized. Ascorbic acid clearly stimu- 
lated the adaptive increase in tyrosine oxidation rate 
in adrenalectomized rats. Possibly this compound pre- 
vents the inhibition of oxidation of n-hydroxyphenyl- 
pytuvic acid found by Zannoni and La Du [ 4]. 

It is also possible, however, that ascorbic acid 
acts on the tyrosine oxidation reaction in some other 
manner. Anderson et al. [15] have shown that in ani- 
mal liver the enzyme system mediating transamination 
between tyrosine and a-ketoglutaric acid may occur in 
two forms — one active, and the other in a bound, inac- 
tive condition in combination with some as yet un- 
known inhibitor. In Anderson's view, the adaptive in- 
crease in tyrosine oxidation may be a result of transi- 
tion from the inactive to the active state. Possibly 
this involves the participation of corticosteroids, which 
reduce the amount of inhibitor or rupture the bond bet- 
ween inhibitor and enzyme. . It may be that ascorbic 
acid also participates in this process. 
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SUMMARY 

The zate of tyrosine oxidation was measured in 
liver slices from adrenalectomized and protein-deficient 
rats. It was shown that in protein-deficient rats to which 
tyrosine had been administered, the adaptive increase in 
tyrosine oxidation was absent. Nor did addition to liver 
slices froin these animals of a-ketoglutaric and ascor- 
bic acids stimulate an increase in the rate of tyrosine 
oxidation as compared with control animals not given 
tyrosine. 

Administration of cortisone to protein-deficient 
rats increases somewhat the adaptive increase in the 
rate of tyrosine oxidation. 

In adrenalectomized rats the adaptive increase in 
the rate of tyrosine oxidation is likewise disturbed. 
Administration of cortisone restores in part this process. 
Upon administration of tyrosine and cortisone, alcng 
with the addition of ascorbic acid to liver slices, the 
adaptive increase inthe oxidation rate of tyrosine is 
completely restored. 


We wish to express our gratitude to Professor S. Ya. 
Kaplanskii for his constant guidance in this study. 
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The discovery of asparagine in animal tissues (1,2) 
directed attention of scientists to its biosynthesis, As fs 
well known, the standard free energy of formation of 
the amide bond of asparagine and glutamine is about 
3.5 kilocalories [3]. From this point of view, one of 
the possible pathways of asparagine biosynthesis, the 
transainidation reaction postulated by Mardashev and 
Lestrovaya [4, 5], assumes great significance. 

This hypothesis has becn tested experimentally in 
a number of laboratorics. Bauerova and Shorm [6] have 
shown that in rape seedlings asparagine is synthesized 
from aspartic acid and the amide group of glutamine, 
and that glutamine is synthesized from asparagine and 
glutamic acid by the reverse reaction. Levintow, et al. 
{7, 8], have shown that Hela cells, which are incapable 
of synthesizing glutamine under certain conditions, 
form asparagine from glutamine labeled with N* in the 
amide group and c* aspartic acid; the N® enrichment 
of the amide group of asparagine turns out to be the 
same as that of the original glutamine, although labeled 
ammonia is present in the medium. Since the amount 
of asparagine in the amino acid pool is insignificant, it 
was isolated from an enzyinatic hydrolyzate of cell pro- 
tein. Thus, transfer of the amide to glutamine to aspar- 
tic acid may be considered sufficiently well established; 
the question of whether tansfer involves free aspartic 
acid or aspartic acid in a peptide chain remains open. 
Webster and Varner [9], using CM-aspartic acid, were 
unable to detect synthesis of asparagine from glutamine. 
Their conclusion that amidation of aspartic acid occurs 
in the presence of ATP, Mg**, and NHg rests on in- 
sufficient evidence, inasmuch as the specific activity of 
labeled asparagine was not determined. Finally, the 
data of Hsii T‘ing-sen [10] show that asparagine syn- 
thesis in rat and pigeon liver slices is extremely slow 
and hardly exceeds the error of the method of determin- 
ing asparagine. 

From theoretical considerations, an-ther mechanism 
of asparagine biosynthesis was found by Meister, et al. 
(11, 12], who demonstrated the reversibility of the trans- 
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amination reaction between asparagine and a-keto 
acids 

These contradictory data led us to investigate the 
mechanism of asparagine biosynthesis in animal tissues 
using more sensitive methods. 


METHODS AND RESULTS 


DL-4-c* Aspartic Acid as a Precursor of Asparagine in 
Rat Liver and Kidney Slices 


Experiments were carried out with liver and kidney 
tissue slices from male white rats whose diet had been 
supplemented with casein and vitamins. The animals 
were decapitated, the organs removed and rapidly 
frozen, and slices prepared in the usual manner. The 
reaction mixtures (total volume, 4 ml) contained 400 
mg tissue, 200 pM each of L-glutamine and 4-c™ - 
aspartic acid, and 40 pM each . of NH,Cl and ATP in 
-05M__ phosphate buffer, pH 6.0. The mixtures were 
saturated with oxygen for 10 minutes, and the vessels 
placed in a Warburg bath and incubated 90 minutes at 
37°. At the end of the incubation period the mixtures 
were adjusted to pH 5.0 with a few drops of dilute phos- 
phoric acid, then heated on a boiling water bath for 2 
minutes, and finally centrifuged to remove the precipi- 
tated protein. The clear supernatant liquid was chro- 
matographed on Whatman No. 1 paper in a 60:20:8 mix- 
ture of n-butanol, formic acid, and water (mixture I), 
the solution being passed through the paper five times. 
Asparagine synthesis was detected by the appearance of 
a characteristic brown spot at the place corresponding 
to asparagine, and also by the appearance of a peak on 
a curve of activity against distance from the origin. 

Because of the small amounts of asparagine synthe- 
sized, it proved to be impossible to determine it by the 
method of Giri, et al. [13]. Determination with aspara- 
ginase from guinea pig serum was unsuitable since D- 
aspartic acid present in the samples inhibits the enzyme. 
Measurement of total radioactivity of the asparagine on 
the chromatogram [14] is not reliable because under 
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TABLE 1. Relative Specific Activity (in Counts/ Minute/ Mole) of Asparagine 
Synt.esized in Rat Liver and Kidney Tissue Slices 
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(without 
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Sample composition 


L-glutamine + 4-c%- 
aspartic acid 


I -Ci4-aspartic acid + 
NH CL ; 
Dh-4-C}*-asparatic 

acid 


L-glutamine + -4-c™. 
aspartic acid 
Dh-4-c*- aspartic 

acid + NH,C 

Dh-4-C- aspartic 

acid 

L- asparagine + Dh-4-c- 
aspartic acid 


Aspartic 


(2.65 +0.42 
2.69+-0.02)- 4: 4.2220. 


-71+0.02)- 3.90+0,2 


5.08409 


Synthesis of asparagine from the 8 -amide 
of oxalacetic acid in a rat liver preparation 
(rlp) 1) markers: asparagine, glutamine, 
aspartic, glutamic, and a@-aminobutyric 
acid; 2) rlp + NH,Cl + 8 -amide of OAA; 
3) rlp ¢ DL-a-aminobutyric acid + B -amide 
of OAA; 4) rlp + 8 -amide of OAA; 5) rlp 

+ L-glutamine + 8B -amide of OAA; 6) rlp 

+ L-asparagine; 7) rlp + L-glutamine; 8) 

trlp (incubation 120 minutes); 9) rlp (incu- 
bation 0 minutes) 
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these conditions it is contaminated by aspartic acid, 
which forms a radioactive “tail*. In view of these con- 
siderations the following procedure of purification and 
determination of specific activity (A,,) of the aspara- 
gine synthesized was utilized. 

In control experiments all stages of purification 
were carried out with a mixture of asparagine and DL-4- 
Cc aspartic acid. Two ml of supernatant liquid from 
eachsample were applied to Whatman No. 1 paper in 50 
spots of 40 yliters each and then chromatographed in 
mixture J, with five passages of the developing solution. 
The spots corresponding to asparagine were eluted with 
water and the neutral eluate was then passed through a 
column of aluminum oxide in the acid form (15). The 
solution obtained was concentrated in a vacuum at 30° 
and chromatographed in mixture II (4:2:1 mixture of 
o-cresol, phenol, and borate buffer, pH 8.3) with three 
passages of the solution through the Whatman No. 1 
paper, which had previously been impregnated with 
-10M_ borate buffer, pH 8.3. The paper was then 
dried and the chromatogram cut into strips. Radioactivi- 
ty of the strips was measured with an MST~-17 end 
counter with a 0.5-cm aperture, the strips being moved 
0.5cm atatime. Quantitative determination of 
asparagine and aspartic acid was made by the method 
of Giri, et al. [13], using an M-1 photoelectric colori- 
meter fitted with a yreen filter. Results obtained, ex- 
pressed as the average of three experiments, are preseni- 
ed in Table 1. 

As the table shows,DL -4-c# aspartic acid is con- 
verted to asparagine in liver and kidney tissue slices, 
Asp of the asparagine being considerably lower than 
that of the aspartic acid and being independent of the 
source of the amide nitrogen. These results do not 
support the hypothesis that asparagine is synthesized by 
uansamidation between glutamine and free aspartic 
acid [4,5]. 


B-Amide of Oxalacetic Acid (a-Ketosuccinamic Acid) 


as a Precursor of Asparagine 
Experiments were carried out with fraction A of 
rat liver obtained according to Meister [16]. Similar 
preparations were obtained from rabbit kidney and liver, 
and also from transplantable RS-1 hepatomas of rat. ° 
Reaction mixtures contained 30 mg enzyme prepara- 
tion, 100 uM 8-amide of oxalacetic acid (OAA), 
and 40 uM amino acidin .02M _ veronal buffer, 
pH 8.02, with a total volume of 0.6 m1 (1 ml in experi- 
ments with hepatomas). Samples were incubated 2 hours 
at 37°, Protein was precipitated by the addition of 0.1 
ml 3M acetate buffer, pH 4.8, which was followed by 
a three-minute boiling. The supernatant liquid ob- 
tained by cenwifugation was used for further analysis. 
It was placed on Whatman No. 2 chromatographic paper 
in 30-, liter aliquots and chromatographed in a 75:15:10 
mixture of n-butanol, formic acid, and water (mixture 
Ill), with five passages of the mixture through the paper. 
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Asparagine and aspartic acid were determined on an 
SF-4 spectrophotometer at 530 my by the method of 
Giri et al. [13]. 

In experiments with the 8 -amide of 4-C*-OAA, 
asparagine was isolated in the following manner. The 
supernatant liquid was adsorbed on a1.5cm X 30cm 
column of Dowex 50 in the hydrogen form, and the col- 
umn was thoroughly washed with water to elute the 
B -amide of 4-C-OAA. The aqueous solution was dried 
in a vacuum and the residue dissolved in 1 ml 1N NaOH. 
The g -amide of 4-C’“X.0AA was then converted to the 
2,4-dinitrophenylhydrazone by the addition of 4 ml of 
a solution of 1% 2,4-dinitrophenylhydrazine in 2N HCI. 
Asparagine, aspartic acid, and glutamic acid were then 
eluted from the column by 1.5N HCI; the first 50 ml 
of eluate was dried in a vacuum at 30°, and the residue 
(1) dissolved in 0.5 ml water and chromatographed in a 
mixture III with five passages of the mixture. In some 
experiments asparagine was hydrolyzed by guinea pig 
serum asparaginase. 

In experiments with n'-slutaminet, residue (1), 
containing asparagine and the dicarboxylic amino acids, 
was dissolved in 10 ml absolute alcohol, the inorganic 
contaminants filtered off, and the alcohol evaporated in 
a vacuum. The crystalline residue obtained was then 
dissolved in 1 ml 0.5 N CHsCOOH, placedon a 2cm *X 
X 20cmcolumn of Dowexl in acetate form, and eluted 
with 0.5N CHgsCOOH. Asparagine was isolated as a ho- 
mogeneous peak between 30 and 60 ml of eluate. The 
acetic acid was evaporated off in a vacuum and the 
asparagine decomposed by the Kjeldahl method with a 
selenium catalyst. The ammonia obtained was dis- 
tilled into a titrating solution of HCI and thie solution 
of N'*H,Cl used to measure N™ content in the MS-1 
mass spectrometer. } 

The 2,4-dinitrophenylhydrazone of the 6 -amide of 
OAA was chromatographed on Whatman No. 2 paper im 
phenol saturated with 10% Na,COs (mixture IV) or in 
79) phenol. It was determined quantitatively according 
to the method of Cavallini et al. [17] on an SF-4 spec- 
trophotometer at 510 my. Radioactivity was deter- 
mined as described above for experiments with pL-c*- 
aspartic acid. Results obtained are presented in Tables 
2,3, and 4, and in the figure. 


* Suain RS-1 corresponds histologically to a hepatoma. 
It was obtained from the Institute of Oncology, Lenin- 
grad. n 
tL-glutamine-CON'H contained 5,440.1 at. % excess 
of N®, DL-a-N’- glutamine—21.94 0,1 at, % excess of 
N’®, Both preparations were synthesized in the Division 
on Synthesis of Labeled Compounds, Institute of Bio- 
logical and Medical Chemistry, USSR Academy of Med- 
ical Sciences, Moscow, 
+ We are indebted for these measurements to L. P.Bichin 
of the Institute of Biological and Medical Chemistry, 
USSR Academy of Medical Sciences, Moscow. 





TABLE 2. 
in Various Tissues 


Average data from three experiments 


Asparagine in 
pM, sample 


Sample 


0.71 
20 
.1u 
.62 
.62 
.20 


* Sample composition: 1) B -amidce 
tamine; 3) 8 -amide of OAA + DL- 


TABLE 3. Relative Specific Activity 


Synthesis of Asparagine from the B -Amide of Oxalacetic Acid 


I | Sample 


Asparagine in 
, Téseue | no. 


ppM/sample 


Rabbit 
kidney 


of OAA; 2) 8 -amide of OAA + L-glu- 
a-aminobutyric acid 


RS-1 
hepat- 
ma 


rom 
rat 


of Asparagine Formed from the 


B -Amiide of 4 -c* Oxalacetic Acid and L-Glutamine in Rat Liver 


Preparations 
Average data from three experiments 


Compound 


2, 4-Dinitropheny lhydrazone of the 
B-amide of 4-C4-OAA(a) 
Asparagine (b) 

L- Aspartic acid (c) 


It is seen from Table 2 and the figure that prepara- 
tions of rat and rabbit liver, and also of rabbit kidney, 
possess an active system for the synthesis of asparagine 
from the B -amide of OAA and glutamine. Synthesis 
from the 8 -amide of OAA and DL-a-aminobutyric acid, 
which was observed only in the liver preparation, was 
lower in our experiments than that from glutamine. 
According to the data of Meister [11], more asparagine 
is formed from DL-a-amiaobutyric acid than from gluta- 
mine in rat liver preparations. This discrepancy can be 
explained by the fact that in the preparation of the en- 
zyme, when conditions are not sufficiently well con- 
trolled, the relative amounts of the two enzymes in- 
volved in asparagine synthesis, glutaminase II and aspara- 
ginase Il, may vary somewhat, and this is obviously 
reflected in the extent of asparagine synthesis. This ex- 
planation becomes still more plausible in view of the 
fact that in rabbit kidney, as Table 2 clearly shows, 
asparagine is not formed from the 8 -amide of OAA and 
DL-a-aminobutyric acid, and therefore asparaginase Il 
is wholly absent from this preparation. Hepatoma pre- 
parations do not synthesize asparagine from the B -amide 
of OAA and glutamine or from the 8 -amide of OAA and 
DL- a-aminobutyric acid. Here it must also be pointed 


Relative Asp. Relative A, 


counts/min./ values(a:b:c) 


/uM 


(1.85+0.02)-10¢ 
(1.87+0.02)-10* 
(1.83+40.02)-1u* 


232% 
$34<9 
$7229 


out that other enzyme systems participating in the meta- 
bolism of glutamine and asparagine, such as glutaminase 
I, asparaginase I, and glutamine synthetase, were not 
detected in our hepatoma preparations under the condi- 
tions employed. In the preparations of hepatomas the 
homogenate was not heated to 50° as is ordinarily done 
to inactivate asparaginase I and glutaminase I. 


Experiments with C-labeled g -amide of OAA 
and N'5-glutamine were set up to study the mechanism 
of asparagine synthesis from these compounds (Tables 3 
and 4). Asp of asparagine and the L-aspartic acid de- 
rived from it is the same as that of the 6 -amide of 
4-c*-OAA. 


From the experiments with L-glutamine labeled 
with N“ in the amide group, it is strikingly evi- 
dent that the amide group is not utilized in aspara- 
gine synthesis, since no N“* excess was found in aspara- 
gine. With DL-glutamine labeled in the amino group, 
the N® excess of the asparagine nitrogen was half that 
of the amino group of the glutamine substrate. This 
dilution of label evidently proceeds at the expense of 
the amide group of asparagine, which contains no ns 
excess. The N® content of the amino group of aspara- 
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Sample composition 


a 
nel? 


L-glutamine -CON 
of OAA 


H, + 8-amide 


At. excess of 
of N® in aspara- 
gine nitrogen 


At.% excess 
of N° in 
amino nitro- 
gen of aspara- 


RR = et 


0 


L-glutamine -CON"! Ip + 6-amide 


of OAA 


0 


DL-a-N-giitaminc®* + 8 -amide 


of OAA 


ee 
«3 


of OAA 


Dl-a- nS. glutamine + 8-amide of 


10,2249,1 20.440,2 


10.7240,1 21,440,2 


*n® content of amide group, 5,440.1 at. % excess n* 
°° nN content of amino group 21,94 0,1 at. % excess NS 


gine is therefore the same as that of the amino group of 
glutamine (Table 4). 

These experiments with labeled glutamine confirm 
the hypothesis of Meister et al, [11] that there is a 
transfer of the arnino group of glutamine to the B -amide 
of OAA and other a-kcto acids. 


DISCUSSION 

The following pathways of asparagine biosynthesis 
are theoretically possible: 1) aspartic acid + NH, + ATP-- 
“asparagine + ADP+ H3PQ,; 2) aspartic acid + RCONHs* 
— asparagine + RCOOH; 3) B-amide of OAA + 
+RCHNH COOH = asparagine + RCOCOOH. 

The conversion of aspartic acid to asparagine may 
proceed either by activation of the 8 -carboxyl and 
combination with ammonia (reaction 1), f.e., by a 
process similar to the synthesis of glutamine, of by trans- 
fer of the amide group of glutamine to aspartic acid 
(reaction 2), 

Investigators working on glutamine synthesis were 
unable to detect the formation of asparagine upon sub- 
stitution of aspartic acid for glutamic acid [18-20]. 
There is only one study [9] in which it has been shown 
that c-aspartic acid combines with ammonia in the 
presence of ATP, Mg**, and an enzyme preparation 
from L. albus to form asparagine. Since A, of the 
asparagine synthesized was not determined, the authors’ 
conclusion is not strictly warranted, as Meister correct- 
ly points out [21], and for identification of the precur- 
sor of any compound determination of Asp is absolutely 
necessary [22]. It is possible, however, that the § -car- 
boxyl of aspartic acid is activated in another way. 
Reith, for example, isolated from liver and Ehrlich's 
ascitic tumor cells a compound which upon hydrolysis 
yields uridylic and aspartic acids [23]. Hageman and 
Hansen have reported [24] the isolation from livers of 
chicks suffering from galactosemia of a compound 
which yields on hydrolysis aspartic acid and ADP to- 
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gether with other materials and which contains a 

free amino group. Novelli (25) has summarized experi- 
ments on exchange between p**- pyrophosphate and ATP, 
which is stimulated by amino acids and catalyzed by 
the “pH 5 enzymes®. 

These data show that aspartic acid and asparagine 
stimulate incorporation of P*?- pyrophosphate into ATP 
to only a slight extent. In the same symposium, how ~ 
ever, Lipmann[25] presents new data obtained in experi- 
ments with pigeon pancreas which show that aspartic 
acid stimulates exchange to a significant degree; the 
greater amount of exchange with aspartic acid as com=- 
pared with asparagine evidently means that activation 
of the 6 ~carboxyl also occurs. 

Data obtained by Fruton [25] show that amides can 
be formed from amino acid adenylates and ammonia. 

Our experiments with C*-aspartic acid provide 
incontrovertible evidence that synthesis of asparagine 
occurs in animal tissues, the aspartic acid being utilized 
in the formation of its carbon skeleton. The precep- 
tible decrease in A, of the asparagine synthesized as 
compared to the aspartic acid substrate might be ex- 
plained by the formation of an intermediate x-c¥ 
compound the label of which is diluted by x-C” in the 


tissues. 
x-c® 
c“-Aspartic acid + \ 7 ~~ C-asparagine (1). 
x 
Dilution of the label might also occur because of 
the existence of at least two parallel pathways of aspa- 
ragine synthesis. 


C*-aspartic acid -- C™-asparagine (a). 


C”-aspartic acid and x-C” C?-asparagine (b) IL 


The conversion of C*-~aspartic acid to c“-asparag- 
ine may occur by reactions 1 and 2. If this process ac- 
tually takes place, it is evidently very slow. 





On the other hand, Asp of asparagine (Table 1) 
does not depend on the source of nitrogen of the amide 
group. These data suggest that the decrease in A,,, is 
probably associated with reactions of scheme I. Ex- 
change between asparagine of the tissue and c™-aspar- 
tic acid as mediated by asparaginase I is excluded, 
since no radioactivity could be found in asparagine 
after weatment with asparaginase from guinea pig ser- 
um. This approach does not, however, afford the possi- 
bility of excluding one of the two alternative pathways. 

It might be imagined that-» -c” is theg -amide of 
OAA, which is fortned, possibly, from aspartic acid 
through OAA,. The latter compound is formed by trans- 
amination and deamination. We have also shown that 
the hydrolysis of the 8 -amide of OAA, which is cata- 
lyzed by rat liver w-amidase, is reversible. All this 
may be summarized by the following scheme. (Arrow 
pairs designate label dilution; As, is decreased at cach 
stage). 


—cC® -OAA 


CM -aspartic acid-<C*-GAA+ 
-CM -8 - ainide of OAA--C™ = asparagine 


C® - B-amide of OAA~+C® -asparagine. 


The biosynthesis of asparagine by transamination 
of the 6 -amide of OAA with amino acids and gluta- 
mine, which has been found by Meister et al. [11], is 
widcly distributed in animal, plant, and bacterial tis- 
sues [21]. Two enzymes are involved ~ asparaginase 
II and glutaminase II. Our experiments with Cc 4abeled 
B -amide of OAA, and also with N‘’- glutamine, con- 
firm the hypothesis of Meister of the existence of a 
coupled transamination - deamidation reaction between 
asparagine and glutamine. 

The mechanism of biosynthesis found by Meister 
represents a closed system, however, unless a source of 
the B -amide of OAA other than asparagine itself is 
found. 

In point of fact, it is known that orally adminis- 
tered asparagine is hydrolyzed to aspartic acid and 
ammonia in the intestinal wall during its absorption 
[26]. The reversibility of the hydrolysis of the B -amide 
of OAA which we have found suggests the possibility 
of a shift in the direction of synthesis of this compound 
under certain conditions. There are also other pathways 
of synthesis which have not been ruled out, for example: 


Succinyl-CoA - Oxalacetyl-CoA -- B-amide of OAA 


The negative results obtained with hepatoma pre- 
Parations are in agreement with published reports of the 
generally low activity of transaminases in malignant 
tissues [27] and the absence of asparaginase I] and glu- 
taminase II [28]. 


SUMMARY 
The mechanism of asparagine biosynthesis was 
studied in rat and rabbit tissues. It was shown that upon 


incubation of slices of rat liver and kidney with DL-4- 
-aspartic acid in the presence of various nitrogen 
sources, such as L-glutamine, ammonia or tissuc, the 
label is incorporated into asparagine. The relative 
specific activity of asparagine thus formed is much 
lower than that of aspartic acid and does not depend 
on the nitrogen source of the amide group of asparagine. 
Possible pathways of dilution of the label are discussed. 
It was shown that the g - amide of 4-C-OAA 
enters transamination reaction with L-glutamine and 
DL-o-aminobutyric acid. The specific activity of as- 
paragine thus formed is of the same order of magnitude 
as that of the B -amide of 4-C4-OAA. The process is 
catalyzed by rat liver preparations as well as by rabbit 
liver and kidney preparations. In the preparation of the 
transplantable rat hepatoma RS-1 this reaction has not 
been detected under the conditions of our experiments. 
Experiments with N- glutaminedirectly confirmed 
A. Meister’s hypothesis of the transfer of the amino 
group of glutamine to the B -atmide of oxaletic acid. 
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The antibiotic cycloserine (D-CS, oxamycin, 4- 
amino-isoxazolidone-3, cf. formula r.p. 961) has a 
wide application in tuberculosis therapy. According 
to some data [1] synthetic DL-CS is a more potent 
antibacterial agent than the natural antibiotic, which 
is a D-scrine derivative. 

In 1957 some Japanese workers [2] reported 70- 
80% inhibition of the activity of some bacterial pyri- 
doxal-dependent enzyines, including that of tryptophanr- 
ase and Asp-transaminase, in the presence of high concen- 
trations of D-CS (107? M); the pyridoxal-catalyzed npn- 
enzymic splitting of indole from wyptophan in model 
systems was sirnilarly inhibited, 

Cycloserine was shown to bind pyridoxal phosphate 
(2) and aromatic aldehydes (3) through the formation of 
unstable complexes of the Schiff base type, which rapid- 
ly underwent further wansformations,Kochetkov and co- 
workers [3] suggested a possible mechanism for the bio- 
logical effect of cycloserine, involving the assumption 
that the labile intermediate complexes of CS and the 
pytidoxal-enzymes (Schiff bases) rearranged into stable 
inactive complexes). T 

Vyshepan, et al. [5] showed that, in concentrations 
of the order of 10 4 M, DL-CS was a powerful inhibitor 
of the rat liver Ala-transaminase; under the conditions 
of the experiment, the enzymatic activity could not be 
restored by the further addition of either pyridoxal or 
pytidoxal phosphate. Almost complete inhibition of 
the same enzyme, on pre-incubation with 10M 
(or lower) DL-CS, was also observed in this laboratory 
{6}. A number of other animal transaminases were only 
inhibited when the DL-CS concenwation was greater by 
several orders of magnitude, while L-Asp-transaminases 
fromm various sources (liver, cardiac muscle, B. subtilis) 
were quite insensitive to DL-CS. The present observa- 
tions on liver Asp-transaminase were also confirmed by 
Vyshepan [5] and Berezovskaya [7]. However, accord- 


ing to Bonavita (8], the activity of an Asp-transaminase 
isolated from human brain tissue was inhibited to 50% by 
107° M D-CS. 

The possibility of selective inhibition of some of 
the transaminases and other pyridoxal dependent 
enzymes by CS could be highly useful for the study of 
the mechanisms of these particular enzymatic activities 
and of their contribution to the general picture of nitro- 
genous metabolism. In view of this, and also in the hope 
that it may lend some understanding of the mechanism 
of CS action, the present work was concerned with the 


* The following abbreviations will be used in this paper_ 
CS) cyclosecrinc, Ala) L-alanine, Asp) L-aspartate, 
Glu ) L-glutamate, Asp NH,) asparagine, GluNH,) 


glutamine, Pyr) pyruvate, KG) a-ketoglutarate, Ala- 
transaminase) L-alanine-glutamate transaminase, 
Asp-transaminase) L-aspartate-glutamate transaminase, 
Tyr-transaminase) tyrosine-glutamate twansaminase, 
AspNH, transaminase) asparagine tansaminase, GluNH,- 
transaminase) glutamine transaminase, 


TRecently Swominger, et al. [4] reported that the arrest 
of growth of S. aureus caused by D-CS was due to the 
disruption of the synthesis of mucopolypeptides which 
are used in the synthesis of the staphylococcal cell wall. 
They showed that D-CS (10 M) competitively inhi- 
bited the incorporation of D-alanine into the N-acetyl 
glucosamine-uridinediphosphate-lactyl-peptide con- 
taining this amino acid, which eventually formed the 
mucopeptides of the cell wall, The antibacterial 
effect of D-CS demonstrates itself at much lower con- 
centrations than those employed for the inhibition of 
cell wall synthesis, or in the inhibition of pyridoxal 
enzymes. The contribution of these effects to the 
antibiotic action of D-CS thus remains uncertain. 





effect of CS isomers on the reactions catalyzed by some 
transaminases. 


EXPERIMENTAL 
’ Materials and Methods 

Eazymes. The fuilowing biological materials and 
purified transaminase preparation were uscd in this work: 
crude extracts (cenuifuged homogenates) of rat liver 
(Ala-, Asp~and Tyr-transaminases), rat brain and car- 
diac muscle extracts (Ala- and Asp~ uansaminase}), 
partially purificd Ala-tuansaminase (9) and Asp-trans- 
aminase [9] and Asp-transaminase [16] from hogs heart, 
and partially purified preparations of tyrosine transamin- 
ase (Paskhina) and asparayine and glutamine transamin- 
ases (Hsu T'ing-sén), prepared froin rat liver. 

Substrates and Inhibitors 4 The following commer- 
cial amino and keto acid preparations were uscd: L-Glu 
and D-Glu (Aji-no-moto, Japan); L-AspNI, and DL-Asp 
(Merck), various DL-amino acids (The Voikov Factory, 
Moscow). L-GluNH;, L-Ala, L-Asp, and the Na-salts of 
Pyr, a-KG, phenylpyruvic and a-ketoisocaproic acids 


were highiy petrified specimens prepared in the laboratory. 


Analytical Methods. The assay of 4~aminoisoxazoli- 
done-3 in CS solutions was carried out according to the 
photometric method of Jones (10). Transaminase activi- 
ties were assayed under conditions where initial reac- 
tion rates were measured as nearly as possible (reactions 
proceeded to within 15-20% of equilibrium values). In 
experiments involving AspNH,- and GluNH,-transamin- 
ases and, in part, with some other transaini.ases, product 
formation was measured by determining the new amino 
acid formed after separation on paper chromatograms 
(cf. [11], method C in tables below). Tyr-transamin- 
ase activity was assayed spectrophotometrically accord- 
ing to Knox et al. [12]. In the assay of either Ala-or 
Asp-transaminase use was made of the colorimetric 
(photometric) assay of the Pyr or OAA formed in the 
form of the 2,4-dinitrophenylhydrazone of Pyr (cf. 

{13}; Method P intables below), or of the spectropho- 
tometric measurement of the initial rate of DPNH forma 
tion during the oxidation of the keto acids formed, in 
the presence of suitable dehydrogenases (Tests SYPT 

& SGOT [14], Boeringer. In tables below ~ Method S). 


RESULTS 

The results presented below deal with the effect of 
various concentrations of L-, D- and DL-CS on the acti- 
vity of a series of transaminases of animal origin. In 
some cases the inhibitor was added to the incubation 
mixtures simultaneously with the substrate, while 
in others the enzyme was pre-incubated at room tem- 
perature with the CS for five minutes (or longer) prior 
to addition of substrate (under those conditions the ex- 
tent of inhibition was found to be increased). Presented 
in the tables are the reactions tested, the enzyme pre- 
paration used, the duration of pre-incubation and incu- 
bation periods, the concentrations of substrate and inhi- 
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bitor and the method uscd to assay activities. It should 
be stressed that the values for the various degrees of in- 
hibition, as showed in the tables, are reproducible only 
under the strictly defined experimental conditions des- 
cribed, since the degree of inhibition of transaminases 
by CS was found to increase with progressing purifica- 
tion of the enzyme preparation, and varied over wide 
limits, depending on the various factors mentioned 
above, as well as on other variables. Thus,for instance, 
the degree of Ala-transaminase inhibition by DL-cyclo- 
serine increased with both the pre-incubation and incu- 
bation times, with temperature, CS concentration, with 
increased initial KG concentration and with lowered in- 
itial concentration of Ala. The kinetics of the inhibi- 
tion were also found to depend on the medium's pH, on 
the order in which the reaction mixture constituents 
were added and, probably, on the composition of the 
buffer used. The experimental results dealing with the 
kinetics of the inhibitory effect of CS and its dependence 
on a variety of factors, will be the subject of another 
cominunication. 
1, L-Alanine-Glutamate Transaminase®® 

It will be seen from the data presented in Table 1, 
that Ala-transaminase, whether prepared from rat liver 
(cf. [5]), or hog's heart, showed a very high degree of 
sensitivity to CS, considerably in excess of its sensitivity 
to any other known inhibitor of this enzyme with the 
exception, perhaps, of the heavy metais. DL-CS showed 
considerable inhibition already at a concentuation 5 X 
x 10° M(with 5 min pre-incubation). The activity of the 
L-enantiomorph was about twice that of the racemate, 
while the effect of the naturally occurring D-enantio- 
morph was about 300-500 times lower than that of the 
racemate, the activity of the latter, in some cases, 
being approximately consistent with that of the sum of 
the constituent enantiomorphs, 

The differences in the degree of inhibition in ex- 
periments where the inhibitor was present at the same 
conceatrations were due to variations in the detail of 


+ We wish to express our thanks to the following for 
generous gifts of cycloserine: Professor N. K. Kochetkov 
(c.p.DL-CS, synthesized in the Pharmacological Insti- 
tude, AMN, SSSR); Professor N. A. Shmelev and Dr.N.A. 
Radkevich (for D-CS supplied by Hoffmann-LaRoche, 
70% pure), Drs. M. Grubeshova and V. F, Hess, Prague 
(c.p. L-CS, synthesized in the Chemical Institute, The 
Chechoslovak Academy of Science). We are also in- 
debted to M. Ya. Karpeiskii for the purification of the 
D-isomer of CS and for consultations on the method of 
CS assay, and to O. L. Polyanovskii for a solution of 
purified Asp-transaminase. 

** The work in the first and second sections was 
carried out by R. M. Azarkh, that in third section ~ by 
T. S. Paskhina, and that in the fourth section ~ by Hsii 
T'ing-sén. 





TABLE 1. The Effect of DL-, L- and D-Cycloserine on the Activity of Alanine Transaminase 


Incubation conditions 


: Inhibition, % 
Molarity of 
Enzyme source 


substrates 


incubatuon 


| Assay method 
| e-incubation 


Rat liver extract(1:59 | C5: Ss {7,2i. Glu 2-40 slpye 2-10-2 10-4 
3-10-% 
10-8 
10-4 
{u-3 
Puri fied hog’s heart pre- 10-2 ~- 


paration (200 pg PL 515 [25 ]7,4j.-Ala 2-10°4)2- KG 2-40°711,25- 40-4) — 

: . 25 40-5, 3 

protein/ mi) 5 10-4132. 414 
1u-s 31,2 
3-tu-* {[:1,¢ 
10-3 _— 


WAwo| | 


oe 


2017, 4 : a- KG 
0/10 aaa 6,6-10-7 fo-® 8 
1210 3,.3- 6,6-10*3 ios Hw 
27,10 a. - 6,6-10-4 ors 14,7 
6O/10 Es : 6,6-10-7 10-5 /80,0 


TABLE 2. The Effect of DL-, L- and D-Cyctoserine on the Activity of Aspartate- 
Glutamate Transaminase 


Incubation conditions : 
. Inhibition, % 
molar concentration 


ncyba- 


¢c 


Enzyme source 


; 
me, min 


vv 
° 
s ’ 
v os 
E $s 
an 
<a 
3 
< 


L-ASP |KG 


Prei 
tion 
t 

pH 


~ 


Rat liver extract (1:200) 3-10-2 | fu-8 

3-10-2 | 1U-* | 10-3 
3.10-2 10-3 | 10-4 
3-10-2 | 10-* | 10-3 


3-10-3 | 10-3 | 10-? 


The same 


~~ ss SIs) 


Rat brain extract (1;100) 


J 
. 


Purified hog’s heart Asp- 3-10-2 | 10-3 10-7 
transaminase (0.4 ug 2-107 
protein/ ml) : 7: 3-10-2 | 10-2 |5-10-4 

3-10-32 | 10-2 | 10-3 


‘As above, (0.1 yg protein - = 
/ = 
_ 10,10 | 20 | 


* Enzyme was pre-incubatec with CS in the presence of KG 


experimental procedure (such as pre-incubation times, heart, and of a highly purified preparation of this enzyme 
differences in Ala and KG concentrations, chosen to suit form from hog's heart, with an activity approximately 
the various methods used for the assay of enzyme acti- 60 times that of the crude extract [16]. 
vity). Asp-transaminase was found to exhibit only insigni- 
2. L-Asparatate-Glutamate Transaminase ficant sensitivity to CS, The degree of inhibition '- 
Presented in Table 2 are the results of experiments creased with increasing pre-incubation time. In the ex- 
on the inhibition by CS isomers of the aspartate-gluta- periments involving tissue extracts, appreciable degree 
mate transaminase in extracts of rat liver, brain and of inhibition ( 25-40%) was only reached with 10-20 min 
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pre~incubation with 107M cycloscrine; the purified en- 
zyme preparation was found to be somewhat more sensi- 
tive. There was little difference between the inhibitory 
effect of either of the optically active enantiomorphs 
or the racemate and, in contrast with all other trans= 
aminases tested, Asp-transaminase in the majority of 
experiments (and particularly where pre-incubation was 
carried out), was somewhat more sensitive to the D-enan-e 
tiomorph of CS than to the L-enantiomorph or to the 
racemate, 

It will also be seen from Table 2 that the intense in- 
hibition by D-CS (10°5 M) of brain Asp-transatninase, 
as reported by Bonavita [8], could not be a specific 
peculiarity of brain tissue, but was probably due to the 
increased sensitivity of that enzyme preparation, par- 
tially because of its high purity, and possibly also be- 
cause of other factors not mentioned in the work, 


3, L-Tyrosine-glutamate Transaminase 

The L-tyrosine-glutamate transaminase was ex- 
tracted from rabbit liver acetone powders and was 
further purified by fractional adsorption on calcium 
phosphate gel. The rates of the reaction between L-ty- 
rosine and a-ketoglutarate were determined by measur- 
ing at four-minute intervals, optical densities at 310 
my , corresponding to the formation of a complex of bo- 
rate with the enolic form of p-hydroxyphenolpyruvic 
acid (in the presence of ketoenol tautomerase and di- 
ethyldithiocarbamate, according toKnoxet al, [12]. 
The assays were carried out after a five-minute pre- 
incubation of the enzyme preparation with pyridoxal 


phosphate in concentrations which were found to pro- 
duce maximal activity (107° M in the present experi- 
ments). The specific activity of the Tyr-transaminase 
preparation corresponded to a transfer of 9.1-equiv. NH_~ 
group per 1 mg protein in 10 min under the conditions 
of the experiment described above. 


As seen from Table 3, the degree of Tyr-transamin- 
ace inhibition by cycloserine increased with increasing 
pre-incubation times, but the individual experimental 
results were not satisfactorily reproducible. Neverthe- 
less, the results clearly indicate that the inhibitory ac- 
tivity of L-CS was about two and one-half times that of 
the D-enantiomorph, while the effect of the racemate 
was compatible with an additive effect of the two enan- 
tiomorphs (or perhaps slightly lower). Pre-incubation 
over periods of time of the order of 30 min, with about 
10 * M DL-CS, produced a 50% inhibition of Tyr- 
transaminase. 


In a single experiment the effect of CS isomers was 
checked with a specific preparation of L-phenylalanine- 
glutamate transaminase, purified from liver extracts by 
fractional salting -out, zone electrophoresis and heat- 
treatment at 50° (Hsu T’ing-s@n). The reaction be 
tween Glu (7 x 107° M) and Na-phenylpyruvate (7 x 
x 105M) was studicd at pH 8.4 and its progress followed 
by chromatographic determination of phenylalanine 
formed. The enzyme was pre-incubated with CS (at 
20°) for 10 min, and the entire reaction mixwre was in- 
cubated at 37° for 120 min. The following inhibition 
was observed: 


TABLE 3. The Effect of DL-, L- and D-Cycloserine on the Activity of 


Tyrosine Transaminase 


Reaction mixtures contained, in a total volume of 3.5 ml, 1 mg of 
Tyr-transaminase (sp.act.-0.1 mole turnover in 10 min at 20°) + 

1x10 ° M(5 min pre-incubation at 21°); 0,9 mg ketoenol tautomerase and 
6 HM of of diethyldithiocarbamate [12]; 12 »M of of L-tyrosine; 80 »M 
of a-KG; 0.57 borate buffer (pH 7.9); CS was added together with the subs- 
tances. Incubation was carried out at 21° in spectrophotometer (SF-4) cells, 
Readings of optical density at 310 my were taken every four minutes [12] 


Pre- —— 
expt. | H90/‘nan* 
No. ae 


0/16 


; 
} 
i 


eee: 


Molarity of concentration 


|a-KG 


2.3-107= | 


3.4-40-? | 2.3-40-2 | 


Inhibition, % 


cs DL-CS |L-CS D-cSs 


2.5-10-* 
5-10-* 23 
10-3 30 
2.9-10-¢ — 
9-10-* 31 
10-3 
2.5-10-4 
5- 10-4 
10-7 


10+ 
2-10-* 
5-40-* 

10-3 


Bee | II SRI IK 


a 
ee 
ee ere + ee <n ren s 





Inhibition % 


Cycloserine 


concentration DL- CS L- CS 


5-10 *M - 14.6 
103M 8.5 - 


Judging fromthe orientative data presented above, 
and keeping in mind the different experimental condi- 
tions employed, it is still possible to deduce that the 
phenylalanine taransaminase of the rat liver is consi- 
derably less sensitive to CS than the Tyr-transaminase 
of the same origin. It is also apparent that L-CS was 
considerably more active as an inhibitor than was D-CS, 
The inhibitory effect of DL-CS was about half that of 
the theoretical mean. 


+, Glutamine and Asparagine Transaminases 


These transaminases, discovered by Meister and co- 
workers in liver, are known to be specific exclusively 
for the amide as the a-amino group donor, the transfer 
being carried out by the corresponding enzyme to a 
variety of a-keto acie acceptors. 

The Glu- NH;-and Asp-NH)- transaminases employed 
in these experiments were prepared from rat liver and 
were free from cross-contamination and from amidase 
activity. The purification steps employed were heat 
treatroent at 50°, fractional salt-precipitation and elec- 
trophoresis on cellulose powder columns. The activity 
of the enzyme was assayed by determination, after chro- 


matographic isolation, of the newly formed amino acid. 
The experimental conditions and results are given in 
Table 4. In experimeiuts involving Glu-NH,-transamin- 
ase and DE-CS a variety of a-keto acids were used, 
while with Asp-NH)-transaminase pyruvate was the only 
acceptor employed. 

The results of experiments 1 and 2 show that Glu- 
NH,-transaminase showed low sensitivity towards DL-CS; 
with the inhibitor present in concentrations up to 10° 
M, the reaction rate, as determined with three different 
acceptor keto acids, decreased only by 29.5%. The sen- 
sitivity of this enzyme to the L-isormer was found to be 
somewhat higher than to the D-enantiomorph. 

On the other hand, the activity of Asp-NH)-transa- 
minase was depressed by DL-cycloserine to a greater 
extent than any other enzyine so far examined. The 
degree of inhibition reached 43% with 6 » 10°77 M 
DL~-CS, and 65° for twice that concentration. (It 
should be remembered that Ala-transaminase activity 
was halved only with DL-CS being present in concentra- 
tions of about 10-to 12-fold that required to produce 
the effect with Asp-NHstransaminase, although the 
differences in experimental conditions should also be 
borne in mind.) The L-isomer of CS at any concentra- 
tion exerted an inhibitory effect equivalent to that of 
approximately twice that concentration of the race- 
mate. Under the same conditions (cf. Table 4, expt. 

3) the sensitivity of Asp- NH,-transaminase to D-cyclo- 
serine was lower than that to the L-isomer by approxi- 
mately four orders of magnitude: a 50/> inhibition with 


TABLE 4, The Effect of the Optical Isomers of Cycloserine on the Activities of Gluta- 


mine and Asparagine Transaminases 


Experimental conditions; Enzymes were pre-incubated with CS for 10 min, at 20°. 
The complete incubation mixture (1 ml) was incubated for 120 min at 37° and pH 
8.4) 5% 10° M veronal buffer, Activities were assayed chromatographically 


Molar concentrations of 


Expt. 
No. 


Enzyme Inhibition, % 


substrates 


GluNH,-trans- -10-? GJu-NH 7-40-23 Py ; 
amina 0.3 m - {0-7 7-4-2 phenyl- 
protera/ nil) pyhuvate ny 
7- 10-3 a-keto- 
isoca proate 
Tne same 7-10-: ASp-NHq 7.49-3 Py 
GluNH,- trans- 
aminase (1,0 mg 
protein/ml) 


7-10°3 Asp-NHq 14-10-Pv 


AspNH),-trans- 
aminase (1,0 mg 
protein/ml) 5.6-10-2" 
AspNH)-trans- 3.5- 10-3 Asp-NHsg 14- 
amunase (1,0 mg |3.5.10-2 © : 
protein/ml) -J0-2 @ 


3.3- 10" : ASp-NH 94,4. 
1.4-10-2 © 





the D-cnantiomorph was only obtained with the inhibi- 
tor about 3 x 107° M. 

The results of experiments 4 and 5 show that the 
degree of enzyme inhibition by both L- and DL-CS fell 
with increasing concentrations of asparagine in the incu- 
bation medium, in a manner suggesting competitive in- 
hibition of the substrate. 


DISCUSSION 

A study of the above results reveals certain speci- 
fic features of the inhibitory effect of cycloserine on 
transamination reactions. 

Firstly, the degree of transaminase inhibition by 
cycloserine was found to depend on a number of factors 
— the degree of enzyme purity, the length of its pre-in- 
cubation with the inhibitor in the absence of the sub- 
strates, the concentration of the latter in the incuba- 
tion mixture, the order in which the components of this 


mixture are added, and other variables. These obsesva- | ~ 


tions alone indicate the complex nature of the inter- 
action of CS with transaminases; a more accurate elu- 
cidation of the mechanism of this interaction must in- 
volve a detailed study of the specificity of the inhibi- 
tory effect of CS, its kinetics, dependance on experi- 
mental conditions, etc. 

Secondly, there is a remarkable difference in the 
degree of sensitivity of the different wansaminases to 
the optical isomers of the inhibitor. Because of the 
reasons mentioned above, this difference could only be 
detected in a roughly quantitative manner in the pre- 
sent experiments. Nevertheless, it is of some value to 
compare the orders of magnitude of the concentrations 
of D-, L-,and DL-CS required, under the various sets 
of conditions described in the text, to bring about 50% 
inhibition of the various enzymes employed; these con- 
cenuations, arbitrarily designated Ig9, are shown in 
Table 5. 

Regardless of the relative nature of the Igg values 
quoted above, it is possible to distinguish two catego- 


ries of inhibitory action, indicating the difference in 
affinity of the various enzymes to the inhibitors. The 
first category comprises the type of interaction observed 
with Ala-transaminase orwith Asp-NH, transaminase 

on one hand, and L-CS (or the racemate), on the other; 
The inhibitor here was present in low concentrations, 
and the Igg values for those substrates were in the region 
of 5x 107’ to 10° M. | 

The second type of interaction is represented by 
the case of the two enzyme systems described above, 
being inhibited by D-CS, as well as by all the others, 
in their inhibition by both the L- and D-isomers in con- 
siderably higher concentrations than those rnentioned 
above, In all these cases the Isg values were of the 
order of 10° M, or higher. The transaminases of this 
latter group were inhibited by L-CS about 1.5-2.5 
times more strongly than by the D-enantiomorph; Asp- 
uansaminase is an exception since it was inhibited 
approximately equally by either isomer of CS. In this 
second type of interaction the effective concentrations 
of the inhibitor were approximately of the same order 
as those of carbonyl reagents required for the inhibition 
of transaminase activity [21,22]. In general, the inhi- 
bitory effects in the low-sensitivity systems of the 
second category were noted for their low selectivity 
both with respect to the configuration of the inhibitor 
molecule and the substrate specificity of the transa- 
minases. 

In contrast to that, in the highly sensitive systems 
of the first category, a high degree of specificity held 
in both respects, since in the inhibition of L-alanine- 
and L-asparagine-transaminases by L-cycloserine the 
Isg Values were several orders of magnitude lower than 
with either D-cycloserine or with the other transamin- 
ases. 

In this connection it should be noted that the struc- 
ture of the cycloserine molecule, as seen from the form- 
ulas given below, closely resembles those of either 
alanine or asparagine; for this purpose the latter com- 


TABLE 5. Molar Concentrations of DL-, L- and D-Cycioserine Which Produced 
50% Inhibition of the Activity of various Transaminase Preparations (Isg). 


Transaminase 


Ala-Glu 

Asp-Glu 

Tyr-Glu 

Phenylalanine-Gly 
[PhA la-Glu] 


Asp-NH,-a- keto acids 


Glu-NH,-a-kcto acids 


| D-CS 


— 


5-1¢-* ~i10o-* 
> 1-3 > 10-3 
5- 10-8 >io-* 
a“ >10-7 
More active than 
D-CS 


~3-10- 
> 10-7 


5-107? 


>10-7 
More active than 
D-cCS 





pound has been drawn in the cyclic structure, with a 
hydrogen bond between the amide and carboxylic group, 
which is compatible with its infrared spectrum (18), 


o o————Nil 


CH,—CHl—« —OH 


1 | 
CH:-CH--C- 0 


| | 
MH MAL 


alanine 


Bearing in mind the similarity in structure men- 
tioned above, we wish to offer, as a working hypothe- 
sis in the most general terms, the following theory on 
the dual nature of the inhibitory effect of cycloserine 
on ansaminases. 

In the systems of the second category (low sensiti- 
vity) the effect depends on a relatively nonspecific and 
rather slightresemblance between cycloserine (regard- 
less of the isomer) and the catalytically active group of 
the enzyme, namely the aldehyde group of pyridoxal 
phosphate [ 2, 3]. 

On the other hand, in the systems of the first cate- 
gory (high sensitivity), the existence of a steric analogy 
between the structures of L-alanine of L-asparagine, on 
one hand, and of L-cycloserine, on the other, suggests 
the possibility of inhibitory interaction between L-cy- 
closerine and the active binding sites for cither L-ala- 
nine or L-asparagine on the surfaces of the respective 
transaminases. The combination of this specific inter- 
action with the apoenzyme and the non-specific inter- 
action with the prosthetic group is, it is suggested, res- 
ponsible for the very high sensitivity of the two en- 
zymes to L-cycloserine. 

The correctness of the above hypothesis can only 
be checked by detailed investigation of the concrete 
mechanism of the inhibition of transaminases (and 
other pyridoxal-dependent enzymes) by cycloserine 
isomers, by kinetic studies, by the use of structural 
analogs of the inhibitor and by other experimental 
approaches. 


SUMMARY 

Various transaminases of animalorigin have been 
found to differ in their sensitivity to the inhibition by 
D-, L- and DL-cycloserine, The degree of inhibition 
was shown to depend on a number of fac-ors (duration 
of the contact ofthe enzyme with the inhibitor and 
the substrates, substrate concentration, the order in 
which components were added to the reaction mixture, 
etc.) The enzyme systems under investigation could 
be divided into the following two categories with re- 
spect to their sensitivity to cycloserine inhibition, as 
determined by the order of magnitude of the value of Ig 
assigned to them: 

1) The highly sensitive systems were those consist- 
ing of L-CS (or DL-CS) and either the Ala- or Asp-NH,- 


ss ! 
CH.—Cil—c -O 


cycloscrine (tautomeric forms) | 


x-tay diffraction [19] and other properties of aspara- 
gine[20).T T 


(}- —N\ OC 


N—-H 
iH 


! 0” 
MHL, i 
CH.- CH —C—Ou 
Ni 
Asparagine 


es 


uransaminase; for those systems the value of Isg was 
within the limits of 5x 107’ to 10M. 

2) The systeins of low sensitivity, consisting of the 
above-mentioned Ala-and Asp- NH2-transaminases, 
when interacting with D-cycloserine, and of the re- 
maining transaminases studied (Asp-, Tyr-, phenylala- 
nine-and Glu- NH,-transaminases) in the presence of 
either the L- or D-isomer of CS. In all these systems 
the value of Ig was of the order of 107 Morhigher, and 
the sensitivity to L-CS was 1,5-2.5 times that to D-CS 
with all the enzymes with the exception of Asp-uan- 
saminase, whose sensitivity to D-CS was actually 
slightly higher than to the L-isomer. 

A hypothesis advanced for the possible mechanism 
of CS action suggests that the inhibitor exerts an effect 
of a dual nature, depending on (a), a relatively non- 
specific low similarity of cycloserine (either isomer) to 
the carbonyl group of the pyridoxal phosphate prosthetic 
group of the cnzyme (in the low-sensitivity systems) and 
(b), a summation of effect (a) and of a specific struc- 
tural analogy between L-CS and both L-Ala and L-Asp=- 
Nh), resulting in an interaction between the inhibitor 
and some active binding sites on the apoenzyme surface, 
with the result that the enzymes involved (L-Ala- and 
L-Asp NHz-transaminases) show a sensitivity to the in- 
hibitor exceeding that of the first category above by 
several orders of magnitude. 
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Aqueous solutions of proteins and polypeptides are 
nonequilibrated systems. The introduction of catalysts 
into such systems leads to the hydrolytic cleavage of 
pepude bonds. The thermodynamic potential change 
for these reactions amounts generally to 2,000-3,000 
cal/ mole [1], with corresponding equilibrium constants 
of the order of 30-150. The equilibrium thus established 
is characterized by the presence of a large amount of 
hydrolysis products and a negligibly small amount of the 
starting polypeptide (or protein). It becomes obvious 
that a shift of the equilibrium in the direction of peptide 
bond synthesis by increasing the concentration of the 
hydrolysis product is hardly possible. Two possible me- 
thods for the synthesis of the peptide bond are feasible. 
The compensation for the incrcase in thermodynamic 
potential can be achieved either by the use of another 
chemical reaction, or through a change of the physical 
parameters of the system. 

The first approach may be envisaged in two types 
of processes. In the first, the amino acids, or the pep- 
tides, are converted into derivatives (such as chloroan- 
hydrides, etc.), which are capable of direct conversion 
into polypeptides. Excellent advances in this field 
have been made in polypeptide synthesis from carboxy- 
anhydrides of amino acids (2, 3). 

The second process requires the parallel progress of 
a coupled reaction which in itself is characterized by a 
sharp decrease in free energy. Amino acids and polypep- 
tides may then serve directly as starting material, but 
compounds other than polypeptides, fortned in the cou- 
pled reaction, are necessarily amongst the products. As 
an example of such a reaction one may quote the poly- 
condensation of amino acids with the participation of 
dicyclohexylcarbodiimide (DCC) [4], as well as the pro- 
cesses of peptide bond synthesis in which ATP partici- 
pates [5]. It should be mentioned that peptide bond 
synthesis can only take place in the case when the 
coupled process obligatorily promotes synthesis, that is, 
when the processes are actually interconnected, Failing 


that condition, the energetically favorable process will 
take place independently, without promoting peptide 
bond synthesis. 

Apart from the above-mentioned chemically 
coupled processes, there are other means for shifting the 
equilibrium in favor of peptide bond synthesis. In 
plastein formation [6] such a shift is based on the preci- 
pitation of insoluble polypeptides of high molecular 
weight in the presence of enzymes. Sharp changes in 
pressure in the system, for instance, the employment of 
high pressures in the region of 5,000-6,000 atim., may 
also bring about synthesis of peptide bonds [7]. 


On the Possibility of Peptide Bond Formation through 
heterogenous catalysis on ion-exchange resins, 


In connection with the various problems of protein 
synthesis it is of great interest to investigate the possi- 
bility of polypeptide synthesis from peptides and amino 
acids, rather than from their derivatives. It is also of 
great importance in this connection to study this process 
under mild conditions. 

Recent work on theory of sorption of dipolar fons 
[8,9] demonstrated the existence of specific interactions, 
one of which consists in the conversion, during absorp- 
tion, of the dipolar ion (amino acid, peptide) into a 
cation followed by ionic interaction of this cation with 
the sorbent material. 


RoH* 4- H;N*R,;COO” = R7H3;N*R,COOH () 


Energetically, the difference between the sorption 
of a dipolar ion and an ordinary ionic exchange consists 
in that the latter involves the break of one electrovalent 
sorbent-sorbate bond and the formation of another simi- 
lar bond, while in the sorption of a dipolar ion two che- 
mical bonds are actually formed, since the interaction 
of the ionized carboxylic group with the surrounding 
medium is replaced by the covalent bond COO-H. On 
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TABLE 1, The Thermodynamic Potential for the Sorption of 


Dipolar Ions 


Compound | Sorbent 


Alanine 
SDV-% 


Glvcyl- L- leucine i 


Alanine 


such considerations it may be expected that, while the 
standard thermodynamic potential for ordinary ion-ex- 
change would have an insignificant value, -in the region 
of tens or hundreds of calories per mole, the sorption 
of dipolar molecules would involve a decrease in ther- 
modynamic potential of considerable magnitude. 

The free energy change for the process (1) may be 
expressed as follows: 


af = Pat — Fy! Rie (2) 


where pp, is the chemical potential of the sorbed 
amino acid or peptide, pt 44, ~the chemical potential of 
the sorbed hydrogen ion; and p p,~the chemical poten- 
tial of the dipolar ion in solution, Using the relation be- 
tween the chemical potential and the activity of the 
components, we have: 


OF = AF°+- RT Incr: — RT Indy — RT Inapg:e- 


(3) 
If, in order to evaluate A -. the diffcrence be- 
tween the coefficients and unity is neglected, then, for 
equilibrium condition, the above equation becomes: 


m 
ao AP ot RT ig 
MyvC Rt 
(4) 

where Mp, is the amount of amino acid (polypeptide) 


adsorbed by 1 g of the sorbent; m,,, the corresponding 


value for hydrogen ions; Crz, the concentation of the 
zwitterion in solution. 

The standard thermodynamic potentials for the pro- 
cesses of sorption of dipolar ions by sulfonated and phos- 
phorylated resins are presented in Table 1. The varia- 
tion in the value of AF® for any one system was due to 
the influence of the activity coefficients. It may be 
seen from the data presented that during the sorption of 
the dipolar ions, a change in thermodynamic potential 
indeed took place, its magnitude being sufficient for 
the compensation of a corresponding effect of peptide 
bond hydrolysis. However, in order that peptide bond 
synthesis could proceed in the adsorbed state, one more 
condition must be fulfilled: the sorption of the start- 
ing compound should be accomplished without a sharp 
fall of the thermodynamic potential. 
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Crt pit 


Sulfonated Resin |9.4 -107% 


1.01- 1072 
2.0 -107) 
0.29-107' 
0.51.107° 


Phosphorylated |4.9 -10-2 
resin VF 


1.0 -10-? 


As was shown in some of our previous communica- 
tions, the mechanism of sorption of dipolar molecules 
described above actually applies to amino acids and 
some proteins. Polypeptides with average molecular 
weights possess this property to a lesser extent [8], and 
therefore their sofption is not accompanied by a sharp 
fall in AF°. The latter circumstance is partially con- 
firmed by the very small values for the standard ther 
modynamic potentials for the absorption of amino acids 
from acid solutions, when equivalent ionic exchange 
takes place and cquation (1) above does not apply. The 
experimental results on the sorption of dipolar mole- 
cules thus indicate the feasibility of the compensation 
of the energy of peptide bond hydrolysis by the sorption 
of polypeptides by ion-exchangers. From this point of 
view, the most probable process of polypeptide synthe- 
sis should be the formation of high molecular weight 
polypeptides, starting with polypeptides of medium 
molecular weight. It should also be mentioned that 
the cleavage of polypeptides to amino acids would also 
be energetically favorable. One may thus expect in this 
process a dual result in the form of a dismutation of the 
medium molecular weight polypeptides into both higher 
molecules and into smaller fragments. 

Finally, the achievement of such synthesis may be 
expected only on catalysts capable of accelerating pep- 
tide bond synthesis or hydrolysis only to a small extent, 
since the most pronounced dipolar characteristics are 
exhibited by the amino acids and the short peptides, 
whose sorption also elicits the greatest fall of the ther- 
modynamic potential in this system. Accordingly, only 
the hydrolysis of proteins and peptides is known [10] to 
take place on cation exchangers of the sulfonic type. 
The weckly acidic resins of the carboxylic and phosphor- 
ic types, on the other hand, can be expected to catalyze 
the synthetic reaction, 

While the above argument is fully valid for the 
phosphoric-type resins, additional considerations must 
be attended to with the carboxylic cation-exchangers. 
According to our findings, carboxylic cation-exchangers 
in the hydrogen form have a very low capacity for ami- 
no acids, while for proteins and polypeptides this capa- 
city is considerably greater. As the hydrolysis of a pro- 
tein progressed, the capacity of the resin for the hydro- 
lysis products fell rapidly (cf Fig. 1). This phenomenon 
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was directly opposite to that observed with the sulfonic 
cation-exchange resins, where the capacity for the ami- 
no acids was much greater than for the higher molecu- 
lar weight derivatives. We believe that the increase in 
capacity with increasing molecular weight is due to 
hydrogen bond formation between the peptide configu- 
rations and the carboxylic groups of the resin. Similar 
adsorptive interaction was reported by us earlier (11). 
Estimates which can be obtained for the values of the 
thermodynamic potential of dipolar ion sorption on car- 
boxylic resins show these values to be quite small for 
amino acids, but high (up to several thousand calories 
per mole) for polypeptides. However, the calculation of 
AF values here cannot be done with as good an accu- 
racy as for the values quoted in Table 1, for the sulfonic 
resins, since the subject of investigations in the case of 
carboxylic resins is a protein hydrolyzate, and not indi- 
vidual polypeptides, The absorption characteristics ob- 
tained afforded reasonable hope of achieving peptide 
bond synthesis on carboxylic and phosphorylated resins. 


EXPERIMENTAL 

The catalyst- fon-exchange resin KMT. The bulk 
of the work on the catalytic transformation of polypep- 
tides was carried out with the carboxylic cation-ex- 
changer KMT, containing as its base polymerized me- 
thacrylic acid. The choice of the catalyst was deter- 
mined by the fact that, among the carboxylic resins, 
this ion-exchanger is one of the few capable of adsorb- 
ing proteins and polypeptides in its hydrogen form; 
this is apparently due to the preparative process, in- 
volving small amounts of polymerizing agent, which 
results in its ability to swell strongly even after acid 
treatment (in the hydrogen form). 

The resin KMT was prepared by the co-polymeriza- 
tion of methacrylic acid with triazine (hexahydro-1,3,5- 
tiacryl-S-triazine), as described by Vainsheidt, Okhri- 
menko,and Tunik {12}. In order to obtain a resin with 
a swelling coefficient of 3.3 the synthesis was carried 
out starting with 30 % methacrylic acid solution, with 
the addition of triazineinin amounts equivalent to4% of 


y resin 
& 5 


/ 
a § 


Capacity, mg Total 
N 


rs 2-3 8 
Total N/NH,-N 


Fig. 1. The capacity of the 
cation-exchanger KMT in the 
hydrogen form for albumin 
hydrolyzates, 


the weight of methacrylic acid used. The polymeriza- 
tion was initiated with 0.1% 11,0,. The synthesis took 
place in a round bottom flask heated on the water bath 
and fitted with a reflux condenser. The product was 
thoroughly washed with 1 N alkali, then with 1 N HCl, 
and finally with water. After drying,the resin was 
ground onc hour ia a ball-mill and graded to separate 
all particles below 0.1 mm in diameter. This finely 
powdered fraction was further graded by sedimentation 
in order to select the desired mesh size. That was 
chosen as the fraction which sedimented in water from a 
height of 40 cm in 10 to 30 min. The lon-exchanger 
was used in the form of a moist paste. The water con- 
tent of the paste was determined as weight loss on dry- 
ing at 80°. The resin was always re-suspended in dis- 
tilled water before use and stirred at 70° for one hour in 
order to remove by flotation fine particles which had 
accumulated by attrition. The centrifuged resin was 
then used for the catalytic studies. F 

The preparation of protein hydrolyzates. Human 
serum albumin, crystalline horse serum albumin and 
globulin prepared according to Baranovskii [13] and 
commercial casein were used as starting materials, 

Enzymatic protein digests were prepared with com- 
mercial pepsin of various makes, and also with crystal- 
line trypsin and chymotrypsin prepared according to 
Northrop [14]. The enzyimatic digestion of serum albu- 
min with pepsin was carried out under the following con- 
ditions: The enzyme/substrate ratic was 1:100, pH 3 
(acidified with HCl), and temperature 37-38", Alter- 
natively trypsin (1:100) together with chymotrypsin 
(1:500) were used at the same temperature, but with the 
pH maintained at 9.1 with the aid of 0.01 M borate 
buffer. In all the preparatory steps the maintenance of 
low salt levels in the starting material is of great impor- 
tance, since this permits work in the latter stages 
with a standard cation ~exchanger containing a constant 
number of acid groups, all in the hydrogen form. 

Acid hydrolysis of proteins was carried out on the 
boiling water bath in 1-3 N HCL. The hydrolyzates 
thus obtained were partially fractionated by the preci- 
pitation of the larger peptides with 1% to 5% TCA. The 
filtrate was dialyzed for 24 hours to pH 3 and finally 
neuwalized by passage through a column containing a 
small amount of the anion-exchanger EDE-10, in the 
boric form. The use of large quantities of sorbents for 
the fractionation of the protein hydrolyzates is contra- 
indicated since it lowered the synthetic effect by remov- 
ing the peptides capable of being adsorbed with a con- 
siderable gain in free energy. 


EXPERIMENTAL PROCEDURE 
Since, in accordance with the theory offered above, 
the catalytic synthetic process is only possible with ad- 


* The human serum albumin preparation was kindly 
provided by B. Ya. Rozenberg. 





sorbed polypeptides, the amount of resin used in all 
cases was 1.5 to 3 times in excess of the amount of poly- 
peptides used. Preliminary experiments showed that the 
catalytic effect of the resin KMT could already be de- 
monstrated at 70°. The latter temperature was there- 
fore chosen for all experiments. Since peptide bond 
synthesis was found to proceed very slowly in the majori- 
ty of cases (see below), all incubation products were 
analyzed after 48 hours of contact. 

The actual procedure was as follows: The sorbent 
(100-200 mg as dry resin) was mixed in an arnpule 
with 10-20 ml of the protein hydrolyzate containing 
50-100 mg of the material, the ampule was scaled 
and placed in the the:.mustat. The contents were stirred 
with a magnetic stirrer. After the completion of the 
incubation time the solution was separated from the 
resin. This solution will be referred to in the text as 
the filtrate. The resin was then eluted with tluce con- 
secutive aliquots of 10% NaC1—0.2 N NaOH (9S ml cach). 
The solution thus obtained will be referred to as the 
eluate. In all fractions total nitrogen was determined 
according to Kjeldahl and amino-N according to a mo- 
dification of the Van Slyke procedure [15]. Nephelo- 
metric determinations were carried out by the dropwise 
addition of 0.1 ml of 90% TCA to 5 ml aliquots of the 
tested solutions and determination of the extinction at 
4 400mp,40 min later, using the spectrophotometer SF-4. 
Samples for the determination of shifts in molecular 
weights were eluted with three 5 ml aliquots of 1 N 
ammonia and the eluates were lyophilized. The am- 
monium salts in the lyophilized material were decom- 
posed by exposure to vacuum for five hours at 70°. 
Similarly treated starting material was used as a control, 

Molecular weight determinations with thermistors. 
This method measures mean molecular weight in solu~ 
tion and its principle [16] is as follows: 

Two thermistors of the type KMT-1 or KMT-4 
(semiconducting resistances) were placed in separate 


Fig. 2. The relation between the change 
in thermistor resistance and the concentra- 
tion of solute in the solution. AR re- 
sistance change, ohms. N~molar ratio 

of the solute in solution. o glycine 

4 ~ alanine e ~ asparagine. 


glass tubes, which were in turn placed in a thermostated 
chamber saturated with the vapor of the solvent used 
(in this case, water). A spiral of glass-fiber yarn, 0.2- 
0.4 mm thick, was wound around each tube in such a 
manner that it overlapped with the entire length of the 
thermistor, about 1 cm. The two thermistors were con- 
nected up with a resistance-box and a zeroing device in 
a usual Wheatstone bridge circuit. The zero was ad- 
justed by balancing the bridge 5-10 min after wetting 
the spirals with 0,1-0.2 ml of water (solvent) through 
aim.cropipet. The standard solution was then introduced 
on the spiral of one ofthe tubes, water on the other. 
Since the partial solvent pressure in equilibrium with 
the solution was lower than over the pure Solvent, vapor 
condensation occurred on the former thermistor, caus- 
ing its temperature to rise compared with the tempera- 
ture of the thermistor containing the pure solvent. This 
caused a change in its resistance and a disturbance in 
the balance of the bridge. The zeroing device was 
brought back to zero by adjustment of the resistances in 
the resistance box. Calibration of the apparatus showed 
that the resistance change AR was linearly related to 
the molar ratio N of the unknown in the solution (Fig. 2). 
Once AR has been measured, the molecular weight can 
be arrived at in accordance with the formula: 

‘i. 


N-g, 


where g, and Bp are the weights of the unknown solute 
and solvent, respectively; My and M, ~ the molecular 
weights of the unknown solute and solvent respectively; 
N-— the molecular ratio of the solute determined experi- 
mentally and calculated from the calibration curve 
OR~N. 


The method affords values of molecular weight us- 
ually within 9% of correct values. It is of importance 
that the molecular weights of zwittcrions ~ amino acids 
— can be determined in aqueous solutions since, in the 
absence of other ions, the dissociation of the amino 
acid molecule results in the formation of only one enti- 
ty ~ the zwitterion. When salts of amino acids and pep- 
tides in solution are used inthis method the values ob- 
tained are artificially low. However, this can be avoid- 
ed by the treatment of solutions with ammonia, followed 
by lyophilization and heating at 70° in vacuo, since the 
ammonium salts of amino acids and peptides are usually 
decomposed under those conditions. The polypeptides 
obtained in a number of cases were watcr-insoluble, 
and a certain amount of alkali had to be added to effect 
solution. This resulted in an artificial decrease of the 
estimated molecular weight by 20-30%, and the true 
direction of the shift of molecular weights in this case 
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TABLE 2. The Transformation of Crude Enzymatic Protein Hydrolyzates on the Catioa-Exchange 


KMT 
Total N/ Amino-N 


initial 
hydroly- 
zate 


Yield'amino N 


Initial protein Enzyme 


Yield total N 


filtrate jeluate . 
(filtrate + cluate) 


Human scrum albumin 
(lyophilized) 


Pepsin 


Horse serum albumin 
Casein 


Pepsin 
Chymouwypsin + 
+t-ypsin 


TABLE 3. The Fractionation of the Products of Catalytic Transformation of Serum 
Albumin Enzymatic Digests 


bsteatet 
Products investi- | 24 hours (as 


Initial hydrolyzate 
Filtrate + eluate 


~ TCA-precipitated 
total N in 
aliquot, 


mg/ml 


final TCA 
conc., mg/ 


TABLE 4. Nephelometric Readings of the Products of Catalytic Transformation 
of Enzymatic Protein Digests 
Tt, hat ae Nephelometric reading (extinction 
at 440 my after the addition of 1% 
TCA 


initial hy- 
rolyzate | filtrate 


Initial protein 


Chymotypsin + 


+trypsin 
The same 


Human serum albumin 
(lyophilized) 
The same 


Pepsin 


3 N HCl, 20 min. 
The same 


could only be arrived at by comparing the product with 
the initial starting material to which an equivalent 
amount of alkali had been added. 

Transformation of crude protein hydrolyzates on the 
carboxylic resin KMT. The results of total N and amino- 


N determinations on reaction products obtained from hu- 
man serum albumin and from casein are presented in 
Table 2. 

The results presented in the tabl: show that the 
decrease in end-group content in the eluate was accom- 


153 





TABLE 5. The Transformation of Fractionated Protcin Hydrolyzates on the Carboxylic Resin KMT 


Hydrolytic 
procedure 


<a fae 


Initial protein 


Pepsin, 20 hr 
The same 


3.N HC1,40 min 


Horse scrum albumin 


3.N HCI, 20 min 


3 NHC1,2 hr 


Fractionation Total N-NH, 


procedure 


Double dialysis 


The same 
§7»-TCA, dialy- 
sis 
1}-TCA, dialy- 
sis 
Ijo-TCA, dialy- 


: Juate| 


Yield N-NH, 


Yield total N 

} (filtrate + eluate) 
aaa 

8.9 0.59 

13,2 0.73 

9.1 0.69 


6.7 0.72 


0.41 


sis 

The same 

sis 

Mixed horse serum glo-} 1 N HCI, 4 hr 
bulins sis 


TABLE 6. The Optical Activity of the 
Products of Catalytic Transformation of 
Serum Albumin Polypeptides (hydroly- 


zatesjon the Resin KMT 
Sample (a koe 


—- 85.2 


Initial, human serum albumin 


Vo-TCA ,dialy- 


Acid-fra~tionated hydrolyzate 
Filtrate 
Eluate 


- Dis 
— 126.2 
— 87.8 


panied by an increase in end-group content in the fil- 
trate. The total decrease in end-group titre (last col- 
umn in table) was very slight. One is tempted to assume 
that, in accordance with the theory advanced above, 
selective adsorption of polypeptides with a high mole- 
cular weight had taken place. Further results, however, 
deny this possibility. Ag will be seen from the results 
presented in Table. 3, the catalytic process under inves- 
tigation involved the simultaneous hydrolysis of pep~ 
tides to low molecular weight, easilydialyzable frag- 
ments, and the formation of compounds precipitated by 
TCA. 

The phenomenon of catalytic disproportionation 
was also demonstrated by the sharp increase in the ne- 
phelometric reading in the products of catalytic trans- 
formation of amino acids (Table 4). 

The transformations of fractionated products of pro- 


tein hydrolyzates on the carboxylic resin KMT. In view 


754 


0.79 


0.67 


Io-TCA, dialy- 


0.85 
0.75 
0.65 
0.74 
0.82 


of the absence of a net decrease in amino-nitrogen dur- 
ing the catalytic reaction, whiledisproportionation was 
still in evidence, it was of interest to investigate the 
catalytic process starting with partially fractionated 
hydrolyzates. The products of both acid or enzymatic 
hydrolysis were precipitated with TCA and the filtrates 
were dialyzed 24 hours, Such filtrates from acid hydroly- 
zates were then neutralized with a sinall amount of the 
anion-exchange resin EDE-10 (basic form). The subse- 
quent procedures were the same as for the crude hydroly- 
zates. It will be seen from the results presented in 
Table 5 that, with all the reaction products accounted 
for, there was a net decrease in end-group titre. The 
extent of the synthetic process was shown to depend on 
the molecular weight of the starting polypeptides. 

By a choice of suitable precipitation conditions 
(through variation of the amount of TCA added) and 
length of hydrolysis period, a range of polypeptides with 
various mean values of Total N/NH,-N were actually 
obtained. As evident from Fig. 3, the small peptides 
were not capable of participating in the synthetic reac- 
tion. Polypeptides with very aigh molecular weights 
were equally incapable of further polymerization. Ex- 
periments withsimple dipeptides and amino acids have 
also failed to demonstrate any detectable synthesis from 
those compounds. It would therefore appear that the 
extent of the synthetic process is determined both by 
the individual properties of the peptides and by the cha- 
racteristics of the catalyst employed, namely, the ion- 
exchanger. 
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TABLE 7, Changes of the Mean Molecular Weight of Protein Hydrolyzates As a Result of Interaction With the 
Carboxylic Resin KMT 







Mean molecular weight 
Length of catalysis, hr 


























Initial frac 
ionated hy 


Initial protein Hydrolytic | Fractionation 


procedure procedure 





2 3 24 48 


drolyzate 















Filtrate + eluate 





Horse serum globulins 1N HCI,4 hr |5%-TCA, dialy 
sis 
3 N HC1, 40 min|1%-TCA, dialy 
sis 
The same 










Horse serum albumin 



















Casein 304 305 397 






3 N HCI, 2 hr 


Experiments after preliminary removal 
of solution 

706 640 

379° ° 491° ° 























The same 
3 N HC1,40 min|1%-TCA, dialy- 


Casein 
Horse serum albumin 





* Molecular weights approximately 20% low 
* * Molecular weights approximately 307 low 
















It was also of interest to compare the optical acti- The molecular weight of the polypeptides in the 
vity of the initial proteins with that of their hydrolyzates _ initial material and of those of the products of the cata- 








and of the products of their catalytic uwansformation on lytic reaction was considered to be an important cri- 

the resin (Table 6). The products of catalytic synthesis terium in the evaluation of the results, This was de- 
were digested with trypsin, which contains polypeptr termined by a precision technique empioying temperature 
dases. As evident form Fig. 4, the products of the cata- differentials between a pair of thermistors (semiconduct- 
lytic transformation were attacked by trypsin to a great- ing resistors), depending on the condensation on them 

er extent than the starting material. of the vapors from the tested solution and from the pure 






solvent, respectively, A study of molecular weight 
changes showed that such changes, indeed, took place 
during the cata'vtic wansformation of the hydrolyzates, 


AN Fig. 3. The loss of 
50 amino-nitrogen result- 
ing from the catalytic 
















40 }- eransformation of serum a certain increase in the mean molecular weight tak- 
- albumin hydrolysate on ing place in some cases, and a decrease in others. Tak- 
the carboxylic cation - ing into consideration the fact that all molecular 
20 exchanger KMT. AN- weight values were means of heterogeneous mixtures, 
10 the relative decrease of and comparing these values obtained with the changes 
6 amino-nitrogen = in end-group count, we have come to the conclusion 
ae Ss ( ANH;-N 0) that the changes observed in the present systern in- 
Total N/NH,-N Total N yield = q volved not only the two mentioned opposed reactions 
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Fig. 4. Tryptic hydrolysis of the products of the catalytic transform= 
ation and of the initial protein hydrolyzates. A — horse serum 
albumin (peptic hydrolyzate ); B~ casein (acid hydrolyzate); O~ 
products of catalytic transformation; A—-original hydrolyzates. 






— peptide bond synthesis and hydrolysis ~ but also the 
cyclization of polypeptides. 

Two approaches were tried in order to intensify 
the synthetic process and achieve an appreciable in- 
crease in the mean inolecular weight. The first 
approach was based on a previous observation that the 
first stage in the interaction between the resin KMT 
and the hydrolyzates consisted in polypeptide destruc 
tion. Thus, if the starting material in the reaction con- 
asted of tne products of previous catalytic degradation, 
then the further interaction of the catalyst with such 
products resulted in a considcrable increase of the mean 
molecular weight, far in excess of the crror of measure- 
ment (Table 7). A ccnsiderable decrease in the mean 
molecular weight was invariably observed in the origi~ 
nal stages when using fractionated acid hydrolyzates of 
casein and serum albumin. However, in the case of 
acid hydrolyzates of serum globulin, the mean mole- 
cular weight increased from the commencement of its 
interaction with the catalyst KMT. 

The second approach made use of the theoretical 
considerations described in the introductory remarks 
above. It is known that only polypeptides in the ad- 
sorbed state can patticipate in the synthetic process. 

In subsequent experiments therefore, after the absorp- 
tion was completed, the remainder of the hydrolyzate 
was removed from the catalyst (resin KMT), which was 
then washed with distilled water; the experiment was 
then conducted with the material adsorbed on the re- 
sin, which was suspended in distilled water. Desorption 
of polypeptides under those condition was slight. This 
allowed us to carry out the reaction under conditions 
favoring synthesis, with considerably decreased hydroly- 
sis, since the latter process was confined mainly to the 
solution, With this experimental procedure a marked 
increase of the mean molecular weight was observed 
even in the case of casein (Table 7). 


SUMMARY 

Thermodynamic data have been produced to show 
the feasibility of catalysis of peptide bond synthesis on 
ion-exchange resins. 

It was shown that during the catalytic interaction 
of protein hydrolyzates with the resin catalysts peptide 
bond synthesis, as well as cleavage, took place. 

When the protein hydrolyzates consisted of poly- 
peptides of a mean molecular weight 300 to 400, their 
Catalytic interaction with the resin KMT showed a 
predominance of peptide bond synthesis over its hydroly- 
sis. 

Peptide bond synthesis was demonstrated by amino- 
end group analysis, by observation of changes in nephe- 
tometric readings, by the ability of the products to 
serve as substrates for certain protcases and by direct 
measurements of an increase in molecular weight. 


A marked increase in the observed peptide bond 
synthesis was obtained if the products of previous inter- 
action of protein hydrelyzates with the resin KMT were 
re-utilized as starting material on the same resin, or 
when the reaction study was confined to systems contain- 
ing only the adsorbed polypeptides on the resin sus~ 
pended in distilled water, 
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One ofthe important measures which should permit 
development of science in our nation and its use for im- 
provement of national economy was begun in 1953. The 
All-Union Institute of Scientific and Technological In- 
formation of the Academy of Sciences of the USSR pub- 
lished abstract journals. In the first group appeared the 
abstract journal "Chemistry® which included a section 
“Biological Chemistry”, and in 1955 this appeared as 
a separate set of abstract journals. 

At the present time it is difficult to find a branch 
of biology, medicine, agronomy, or industry which is 
concerned with working up raw materials of biological 
origin which would not relate to biochemistry, would 
not use the methods of biochemisuy, or the results of 
its investigations for the solution of problems in such a 
branch of science of practice for national economy. 

A definite idea of the development of biochemis- 
try in the last 30-55 years arJ the scale of biochemical 
investigations can be obtained from data on the amount 
of publication in this field of science. 

In counting the number of biochemical works ab- 
stracted by the American journal “Chemical Abstracts 
for the period of the three five year plans 1924-1928, 
1934-1938, and 1953-1957, we have obtained the fol- 
lowing picture. 

As these data show, the stream of literature in all 
branches of biochemistry has increased several fold 
compared to 1924-1928. 

In recent decades biochemistry has been enriched 
by a number of new methods of research: paper chro- 
matography and ion exchange resin chromatography, 
photometry in the ultraviolet and infrared portions of 
the spectrum, electrophoresis, and uluacentrifugation. 
There has been wide use in biochemical investigations 


f 


General 
roblemso 
iochemistry 

Nretiods or 

gical 
researcli 

Biochemistry 

of microbes 

Plant bio- 

chemistry 

Biochemistry 

of foods and 

nutrition 


—E 


hioche 


h 


1924—1928 4450 
1934—1938 6212 
1953—1957  |14 342 


2109 
3108 
9866 


1716 
3487 
12 548 


2271} 2728 
4469} 6292 
11.052 }11 105 


—_———_ 


of compounds labeled with radioactive and stable {so- 
topes. All this has led in many cases to a deeper under- 
standing of the mechanism of biochemical processes. 

The most obvious tendency of contemporary bio- 
chemistry is its “chemization®, its tendency to pene- 
trate into the intimate mechanisms of biochemical 
processes, using the most perfect chemica! and physi- 
cal methods. In the field of the study of enzymes this 
position is illustrated by the growth of studies of the 
mechanism of biological catalysis by studying the mole- 
cular basis of the physiological activity of enzymes and 
hormonés. In plants and animals, the object of inten- 
sive study is the localization of enzyme systems and 
biochemical processes in the subcellular structures. A 
large number of studies have been published on the bio- 
chemistry of nucleic acids, their structures, biosynthe- 
sis, and physiological role in the organism, and also 
the biosynthesis of proteins and their connection with 
nucleic acid metabolism. 

More and more biochemical work is published in 
the field of medicine, especially on the biochemistry 
of malignant cancers and the biochemistry of lipids 
(in connection with arteriosclerosis). Biochemical in- 
vestigations have appeared on the so-called “molecu- 
lar diseases” (sickle-cell anemia, galactosemia, 
Wilson’s disease). 

Contemporary microbiology preferably studies bio- 
chemical processes in microbes, acting as a stimulus 
to the fermentation industry as a producer of antibio- 
tics or vitamins, or as casual organisms. Microorgan- 
isms are widely used as suitable objects of study in 
many general biochemical problems: heredity and its 
changes, effect of medium on metabolism, etc. The 
newest methods of studying proteins and nucleic acids 
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